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ABSTRACT
STEFAN JOHANNES GRIMBERG. Biofilm Growth and Blodegradation
of Ozonated Natural Organic Matter on Activated Carbon.
(Under the direction of FRANCIS A. DIGIANO.)
Biological activity on granular activated carbon (GAC)
offers an encouraging possibility for removal of organic
material in water purification processes. Natural organic
matter (NOM), the main organic pollutant in drinking water,
is generally considered to be resistant to biological
degradation. Preozonation enhances the NOM biodegradabi1ity.
Ozonated NOM could therefore serve as a primary substrate
for biofilm establishment. The degree of NOM blodegradation
in a GAC column is a function of column length due to the
heterotrophic NOM characteristics. Readily degradable NOM
fractions are degraded at the top of the column whereas
fractions more resistant to microbial metabolism are
degraded deeper in the bed.
Three fixed-film CSTRs in series were used to observe
the performance of the full scale GAC column. NOM
blodegradation along the GAC column was described with
biofilm observations and bioklnetic tests in each of the
CSTRs. Steady state removal of ozonated NOM through the
three CSTRs (EBCT = 15 min) was 40 %.
Scanning electron microscopy revealed that the observed
biofilm consisted of filamentous growth, extracellular
material, actinomycetes and distinct singular organisms. No
significant difference between the biofilm structure among
the CSTRs was observed.
High pressure size exclusion chromotography conducted on
the NOM effluents of the three CSTRs suggest that specific
NOM fractions are removed at different locations in the bed.
First order NOM blodegradation rate coefficients of
1 x 10  1/day, determined in-situ, were found in each CSTR.
However, the concentration where no blodegradation could be
observed decreased in each subsequent reactor. This suggests
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that the microbial community adapts to the specific NOM
composition and maximizes its metabolic rate.
An attempt was made to determine in-situ biomass
concentration in the fixed film CSTR using ^^P upake rates.
The uptake rate of radiolabled phosphorus was correlated to
the amount of cells in suspended cultures. However,
adsorption of HPP4 onto GAC interfered with the
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1. INTRODUCTION
1.1 Background
Chlorination of natural organic matter (NOM) in
drinking water treatment forms trihalomethanes (THMs), as
well as other disinfection byproducts (DBFs) (Symons et al.
1981, Krasner et al. 1989). THMs are presently regulated and
other DBFs will be regulated in the near future (expected
1991) (McGuire. 1989).
To reduce the DBFs in the drinking water, the
disinfectant chlorine could be replaced by other chemicals
(e.g. ozone, chloramines). Since the past research focused
primarily on identifying chlorination byproducts little is
currently known about the toxicity of DBFs resuting from
disinfectants other than chlorine (Kool et al. 1986). An
alternative to changing the disinfectant is to improve the
removal of NOM in drinking water.
Activated carbon is well known in the U.S. as an
effective means to remove taste and odor causing compounds
and in Europe to remove synthetic organic compounds (SOC) as
well (Bouujer el al . 1988). The large internal surface area
and the surface-active sites enables activated carbon to
adsorb a large variety of organic compounds. It may also be
useful for removal of NOM (Rlttmann et al. 198U).   The
complex and hydrophilic nature of NOM does limit its
adsorbabi1ity. To circumvent this problem, it has been
suggested that GAC be considered as a support media for
biofilm to encourage biodegradation of NOM as well as SOCs
while still functioning as an adsorptive media (Jefeel. 1977,
Sontheimer, 1978). Microorganisms metabolizing the NOM and
the SOCs would increase the service life of the GAC bed
since the sorptive capacity will exhaust after longer
operation time (Werner et al. 1979).
Natural organic matter (NOM) is a macromolecular
decomposition product of plant material. By definition, the
end products of decomposition are not easily biodegraded.
Ozonation at low dosages (e.g. 1 mg 0_ per mg of TOC) was
found to increase the biodegradabi1ity of NOM (Gilbert,
1988).
While the importance of a stable biofilm in the GAC bed
for reliable biodegradation is recognized, little is known
about the interactions between adsorption and biodegradation
at the carbon surface and to what extent biological activity
will improve the treatment process. Of special interest is
the kinetics of NOM biodegradation in this environment
because NOM represents the majority of substrate available
in drinking water applications.
1.2 Objectives
The overall objective of this research was to develop a
better understanding of the biodegradation and adsorption of
NOM occurring in GAC filter adsorbers. This entailed:
1. Observe biofilm establishment in GAC filters receiving
ozonated natural organic matter (NOM).
2. Develop a technique to access "NOM biokinetic parameters
in-situ in fixed film systems
3. Study the biokinetics of NOM biodegradation in GAC filter
adsorbers.
CHAPTER 2. LITERATURE OVERVIEW
2.1. Applications of Granular Activated Carbon (GAC)
Activated carbon has long been recognized as an
effective adsorbent in water treatment applications. The
wide range of organics adsorbing on GAC favors the use of
activated carbon above other adsorbents. In water treatment,
activated carbon is generally applied in one of two forms.
For spills or temporary pollutions, such as seasonally
occurring taste and odor causing compounds, activated carbon
is added in powdered form (PAC) prior to sedimentation. The
high surface area offered guarantees quick removal of the
undesirable compounds. Sludge production, however, is
increased by the addition of PAC. For permanent applications
of activated carbon the adsorbent is used in granular form
(GAC).
GAC is used as a replacement of sand in filter-
-adsorbers. which remove colloids by filtration and organic
contaminants by adsorption processes. If the water is highly
contaminated, a longer contact time is required for the
complete removal of organics by adsorption. In this case a
separate GAC pobt-filter adsorber unit is recommended since
the contact time in filter-adsorbers is generally too
ͣͣ   i
\
short (on the order of 2 minutes as compare to 10 to 15
minutes for GAC applications).
GAC has been used in water treatment in the U.S. since
the late 1920's. By 1984. 50 to 60 utilities were using GAC
adsorption treatment in the U.S. (Symons. ISS**). The
increased concern over synthetic organic contaminants (SOC)
in drinking water has led to newer, stricter, maximum
contaminant levels (MCL) as proposed by the 1986 amendments
to the Safe Drinking Water Act, in which GAC is specified as
the best available technology for the removal of SOCs in
water. In the near future, therefore, the application of GAC
in water treatment is expected to increase significantly.
Biological activated carbon (BAC) applications have
been suggested (Hubele et al . 198'». Rlttmann et al . ISSit).
The biofilm, established on the external surface of the GAC
particle, metabolizes components already adsorbed on the GAC
(this process is also known as bioregeneration) as well as
those which are penetrating through the film toward the GAC
surface. As a result, sorption capacity of the GAC is pre¬
served and the service life time of the GAC bed can be
extended.
Attempts have been made to identify and quantify micro¬
organisms in the BAC - adsorbers. 'Be.ne.d.eM. (1980) estimated a
bacterial density of 10   cells per gram carbon by comparing
the available pore space on the GAC with the typical size of
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the bacteria. Latosefe and.  Benedefe (1979) measured 10  viable
cells per g (wet carbon) on GAC samples which were treated
with domestic wastewater. Lower bacterial densities (10
7
10 ) were reported for BAC used in drinking water
applications (Van der Kootj. 1976). The lower con-centration
of biodegradable material in drinking water as compared to
wastewater might explain the lower amount of growth
observed. Werner (1982) conducted extensive identi-fication
assays before and after BAC filters with different
pretreatments. He observed that microbial species in the
effluent were different from those entering the adsorber.
The species found in the effluent depended to a great extent
on the composition of the water. He identified Pseudomonas
sp.. Flavobacteria and gram - positive bacteria in the
water.
In an environment with low organic substrate con¬
centrations, such as some relatively pristine drinking
waters, oligotrophic bacteria have been observed in fixed
film systems. These organisms are able to survive at
extremely low substrate concentrations. Oligotrophic bac¬
teria are characterized by the utilization of multiple and
varied compounds: the constitutive production of transport
enzymes with a high affinity for catabolic substrates:
inducible synthesis of catabolic pathways, relatively low
maximum specific growth rates; and the possibility of
accumulating reserve materials when carbon is available in
excess (Polntdexter, 1981).  Astlccacaulis. Caulobacter.
Hvphomicrobium. Spiri1lum and Flavobacterion were identified
as ogilotrophic bacteria (Matin e t al. 1978, Van der  Kooij
et al, 198'*. 1985). McCarty et al (1981) estimated that
heterotrophs will predominate over oligo-trophs in biofilms
when biodegradable organics exceed about 3 mg/1 COD.
Heterotrophs generally live at higher substrate
concentrations than oligotrophs.
2.2.  Characterization of Blofiln Behavior - The BAC Process
2.2.1. Biofilm Establishment
Biofilms often determine the rate at which bio¬
degradable material is removed from the water in systems
with low substrate concentrations. Wuhrmann (1972) estimated
that 90 to 99 % of the bacterial activity in shallow streams
is associated with biofilms. Biofilm processes are
particularly effective at low substrate concentrations
because biofilm attachment and growth allows a high degree
of biomass accumulation (Rtttmann et al ,1986).
The rough and irregular surface of GAG particles, with
their complex network of macropores, has been shown to
provide an ideal environment for microbial attachment
(DlGiano. 1981). Increased rates of attachment may be
encouraged by the rough surface, which provides more surface
area as well as some degree of protection from fluid shear,
which may promote detachment (Characfells, 198**).
Characklls (1973) and Marshall (1976) stated the
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following advantages for microbial biofilm growth:
1. the biomass attached can be utilized during
starvation periods,
2. the biomass remains fixed within a flowing
environment and receives a constant supply of fresh
nutrients without motility requirements,
3. predation is reduced by the protection of the
surrounding media, and
4. extracellular enzymes may be shared between
bacteria.
For establishing the biofilm, Characfells (198'*) distingishes
f ive steps:
1. transport of substrate to the surface.
2. adsorption of the molecules to the surface,
resulting in a conditioned surface",
3. attachment of microbes to the conditioned surface,
4. metabolism by attached cells and associated
material, and
5. detachment of portions of the biofilm.
2.2.2 Blodegradation in the Biofilm
The empirical Monod Model is generally applied for
description of the blodegradation of a limiting substrate.
The rate of substrate uptake can be calculated as:
dS       X     u        •   S
max 1 1---- = - --- • ---------- 1 . 1
dt       Y      K  + S
s
wi th
X    =  cell concentration (M/L^)
Y    =  yield coefficient (M cells produced/ M
substrate consumed)
u    =  max. specific growth rate (1/T)^max r e> V    7
K    =  Half saturation constant (M/L )s ^ '
S    =  growth limiting substrate concentration (M/L^).
For heterotrophic bacteria in low concentrations, K  is
s
generally very large compared to S (Werner, 1982, Gantzer e t
al. 1988a and 1988b. McCarty et al. 1981). In this case the
Monod equation simplifies to a first order rate model with
respect to substrate concentration, S:
dS       X u
-------------. _!jna^ . s. 1.2
dt       Y      K
s
Oligotrophic bacteria are characterized to prevail at low
substrate concentrations (TOC < 2 mg/1) and having a very
low half saturation coefficient (Rlttmann et al. 1986,
Pointdexter, 1981, Van der Kooij  et al. 1982). In the case
of K  << S, the rate equation simplifies to a zero order
s
model with respect to the S:
dS       fi
dt
maj^ . X. 1.3
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Rittmann and McCarty   (1980) introduced the concept of a
minimum substrate concentration, S . , for maintaining a
min
steady-state biomass in a biofilm:
S ,  = K  •-------------j:— 1.4min    s    Lt   - b
'^max
with
b   =   first-order decay coefficient due to
maintenance (1/T).
If S becomes smaller than S . , the biofilm begins tomin
decrease, i.e.. it decays faster than it grows. Oligotrophs
are adapted to low susbstrate concentrations because of low
K  and b values (Rittmarxn e t al . 1986).
Biofilm processes are highly influenced by diffusive
processes as well as metabolic capabilities. There is
diffusion of substrate and nutrients, both externeal and
internal, to the biofilm as shown in Figure 2.1 at different
stages of BAG operation (Speltel, 1985). The diffusion
through the diffusion layer can be described by Pick's first
1 aw:
J = - D, -^ = k, • (S, - S ). 1.5hdx     l*^b    s'
wi th
J     = steady state flux through the boundary layer
(M/T/L^)











(a) Initial Period of Adsorption

















film     Biofilm






Figure 2-1      Hypothetical Concentration Profiles for a Single GAC
Particle at Different Stages of Operation
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ds/dx = concentration gradient in the boundary layer
(M/L")
k.    = mass transfer coefficient (L/T)
S,    = substrate concentration in the bulk (M/L^)
S     = substrate concentration at the interfaces
biofilm boundary layer (M/L^).
The thickness of the hydrodynamic boundary layer is a
function of physical properties of the fluid (e.g. vis¬
cosity, molecular dlffusivity) and system properties as well
(velocity). Several empirical equations to estimate the mass
transfer coefficient are available in the literature
(Perry, 198'*. Bird, Stewart   and  Lightfoot .   1960. Jennlgs,
1975). For example Gnlellnskl (1975. 1978) proposed the
following equation to estimate the mass transfer coefficient
through the diffusion layer around spherical particles.
For Re < 2       Sh,   = 0.664 Sc^''"^ Re^^^ 1.7lam
For Re > 50
g, 0.037 Re^-^ Sc____________
turb ~  1 ^ o 4^-3 D -0-1 Ao 2/3   ,,      ^'^1 + 2.443 Re     (Sc    - 1)
with
h   -  ͣ ^1% Qo I)
°1 °1
Re   =
d     u
P




2 < Re < 50
Sh  = 2
e
./Sh?   + Sh?  ,lam     turb 1.9
The relationships described above were derived on single
particles. Schluender (1975) suggested adjusting the
estimated Sh  for packed beds in the following way:
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A mass balance for the substrate concentration (S.)
over a differential element of biofilm must account for
diffusion and biodegradatIon, the latter described with the
Monod model. This results in the substrate uptake rate
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2.2.3  Interaction of Blodegradatlon and Adsorption:
Mathematical Model
The presence of an adsorptlve media may affect the
establishment of blofilm and the substrate removal rate.
Maloney   and   co-workers   {I98k)   found one hundred times more
bacteria on GAC after extended operation than on sand par¬
ticles operated for the same amount of time. However, the
authors suggested that the TOC removal rate after long
periods of operation was not due to blodegradatlon but
rather to adsorption phenonema. Den  Blanhen   (1982) also
observed that the biological activity on slow sand filters,
operated with a loading rate of 0.4 m/hour. was similar to
that achieved in a biological activated carbon filter (BAG).
Van der  Kooij   (1976) considered improved organics removal to
be due to higher blomass concentrations on GAC as opposed to
adsorption. Weber et. al. (1978) reported a higher cumu¬
lative TOC removal on GAC. as compared to anthracite, but
did not analyze the adsorption behavior of the wastewater
treated. LI and DlGiano (1983) used non-adsorbing material
(sand and anthracite) to show that bioregeneration occurred
on GAC.
Several mathematical models have been developed to
describe simultaneous adsorption and blodegradatlon in fixed
film systems. A summary of the main features of the models
are presented in Table 2.1. The models shown in Table 2.1
Tabla 2.1
Characiarlatics of Avallabia Hathaaatlcal Medala











































Fraundlich 3> Fraundlich Fraundlich Fraundlich Fraundlich
Raaetor Daaerlntion    Plug Flow,     Plug Floa, C8TR
Stationary Bad     Diaparalva
FlOM
Plug FtoM, CSTR Plug Floa
VBrtfUi<i>9n
9f nfltfBt Pilot Plant   Laboratory Scala Laboratory Bcala Laboratory Scala    Pilot Plant
TOC       Slucosa, Sucroaa    Phanol, PNP      Phanol, PNP TOC
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were developed before 1983 and have been verified on systems
with high substrate concentrations. The earlier models
simulated situations which might be applicable in water
treatment. Spettel and co-workers   (1987) specifically ad¬
dressed the principle of GAC bioregeneration in their model.
The model developed by Hubele (1985) is currently the most
comprehensive approach to describe the BAC process. The
model is able to simulate a multicomponent adsorption, which
is described by the Ideal Adsorption Theory (lAST). as well
as biodegradation of the mixture in a GAC column. Shear and
transport of the biofilm in the deeper portions of the bed
is also incorporated in their model description. Due to lack
of experimental data for the biodegradation of different
components, the model was calibrated using an overall meta¬
bolic behavior.
The major factors to be considered in formulating a
model for simultaneous adsorption and biodegradation are
(Speitel, 1985):
1. microbial kinetics.
2. biofilm growth and decay.
3. substrate transport through the biofilm.
4. substrate transport within the GAC,
5. adsorption equilibria, and
6. substrate transport from the bulk liquid to the
biofiIm.
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Of special interest in this research is the model
presented by Chang  and Rittmann   (1987). The model describes
biodegradation and adsorption of organic material at low
concentrations in a completely-mixed, fixed-film reactor.
Experiments conducted with glass beads and GAC separated the
effects of adsorption and biodegradation. Predicted effluent
concentrations of a CSTR for different packed media are
shown in Figure 2.2. The effluent concentrations of bio¬
degradable substance in a CSTR packed with a non-sorptive
media (e.g., glass beads), decreases until the the biofilm
on the media reaches steady-state (as described by the BFCM
model). That of non-biodegradable in an adsorptive media
would follow a typical breakthrough curve (descibed by the
ACCMF model). The model predicts for a biodegradable sub¬
stance passing through a CSTR filled with adsorptive media
that effluent concentration will Increase at start up and
then decrease (BFAC model). This is caused by adsorption in
the beginning of the experiment but biodegradation later as
biofilm growth is established.
Pedlt (1989a) upgraded the Chang and Rittmann   (1987)
model by including adsorption and biodegradation of more
than one component simultaneously. A mixture of different
components with different adsorption and biodegradation
characteristics can be used for BAC simulation. Pedit used
finite elements to solve the partial differential equations








- BFAC  MODEL
- BFCM  MODEL
-ACCMF  MODEL
80 100  110
Figure 2.2. Predicted Effluent Concentration for Biodegradable
and Adsorbable Component in a CSTR (Chang. 1985).
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is applied by all the other models presented; the finite
elements method is considered more accurate.
2.2.4 Suspended Versus Attached Growth - Biokinetlc Models
A common approach to characterize biodegradation in a
biofilm is to conduct suspended growth experiments to
determine the kinetic parameters used in the Monod model to
describe metabolism of substrate by the microorganisms
(Chang & Rlttmann. 1987. Speltel & DlGlano. 1988. Namkung   &
Rlttmann. 1986. Rlttmann & McCarty. 1980). Parameters
obtained from these tests are then used to describe the
biodgradation in fixed film flow through systems.
Differences in the substrate utilization rate between
suspended versus attached microorganisms have been noted
(Herson et al, 1987). Attached organisms are found to have
higher uptake rates and are more resistant to system poisons
such as heavy metals or chlorine. DeWotcrs (1987) determined
the biokinetlc parameters of bacteria grown in a biofilm in
suspended initial rate experiments with phenol serving as a
substrate. She observed little difference in the kinetics
between microorganisms grown in suspension and grown in a
biofilm.
A study by Ba>%ke and co-ioorkers (198'f), however, sug¬
gested, that there is no statistically significant
difference between attached growth and chemostat data. The
kinetic data derived from chemostat experiments correlated
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well with biofilm growth rates. Similar results were re¬
ported by Breyers &  Characfells, 1982, and Trulear, 1983. The
investigators found that blokinetic parameters obtained from
chemostat experiments were applicable to biofilm systems in
some cases. However, the authors raise questions with
respect to exocellular polymer production and microbial
detachment.
The physi'^logic differences between attached and sus¬
pended microorganisms give rise to differences in their
metabolic behavior. This, therefore, implies that attached
microorganisms be removed from a biofilm in a fixed film
reactor in order to test the biokinetics of these bacteria
in suspended growth tests. Methods have been proposed to
remove microorganisms grown in a fixed film for use in the
suspended kinetic tests {Bone  & Balkwlll, 1986, Camper et al
.1985. Dobbins &Pfaender. 1988).
Removing attached bacteria to obtain blokinetic
parameters does not necessarily solve the dilemma because
removal procedures proposed will alter the environment for
the microbial comrounity in converting from attached to sus¬
pended culture. This treatment may in turn alter the physio¬
logy of the bacteria. Moreover, the removal procedure may
only remove bacteria loosely attached to the surface. Thus,
the question arises as to how representative the bacteria
are which were removed from the surface. Rlttmana and
co-workers   (1986) proposed a technique to measure the
biodegradation parameters in-situ in a completely-mixed.
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fixed-film reactor. The flux into the biofilm is measured
for different influent concentrations. The Monod kinetic
parameters are then determined by simply overlaying the
experimentally determined flux into the film as a function
of substrate concentration in the biofilm with a family of
curves generated with a computer model which was derived by
Atkinson and Daules {197k)   and Rlttmann and McCarty (1981).
The method was tested on biofilm established on glass beads
for oligotrophic growth conditions.
2.2.5. NOM in Drinking Water Applications
General characterization of WOM. Natural organic matter
(NOM) in drinking water is derived from living and decaying
vegitation. It consists of complex polyaromatic compounds
with high molecular weight {Bouwer  & Croioe, 1988). Its
molecular weight ranges from 100 to 50,000 g/mol (Summers et
al. 1987. El-Rahatll & Weber. 1986).
The molecular weight of NOM. which is determined with
high-pressure liquid chromotoraphy (HPLC)or with ultra¬
filtration, depends to a great extend on the experimental
method and on the calibration standards used. Becher  and
co-v}orhers   (1986) conducted high-performance, size-exclusion
chromatography (HPSEC) of chlorinated and unchlorinated NOM.
They observed a molecular weight range of 3,300 to 16,800
g/mol. using dextrans to calibrate and 14.000 to 65,000
g/mol, using globular proteins to calibrate. Ultrafiltration
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tests showed that the molecular weight of NOM was in a range
of 1.000 to 30.000 g/mol and the majority of the NOM
fractions were less than 10,000 g/mol. The effects of
physical / chemical treatment on NOM fractions can be •
observed if results are compared using one experimental
method (HPLC or ultrafiltration or HPSEC). Relnhard {I98k)
determined the molecular weight distribution by
ultrafiltration of dissolved organic carbon in advanced
treated wastewaters. He observed in the effluent a slight
increase in concentration of higher molecular weight
fractions (MW > 10.000 g/mol) after the wastewater had been
treated extensively (conventional treatment + ozone + GAC +
chlorination + injection well). A shift towards smaller
molecular weight fractions of NOM after chlorination was
observed by Becher   et   al   (1986).
Besides these qualitative measurements of NOM
fractions, little is known about their specific charac¬
teristics, such as functional groups, structure and reaction
mechanistics. As a result, the observed change in NOM-
composition after treatment cannot be explained funda¬
mentally at this point.
The concentration of NOM in drinking water throughout
the U.S. varies between 1-20 mg/1 TOC (Montgomery. 1985).
NOM represents the major source of carbon pollution in the
drinking water supplies. The presence of NOM in water
stabilizes particles, and is therefore the principle factor
in determining the coagulant dosage. The competition of NOM
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with synthetic organic carbon (SOC) for adsorption sites in
GAC accelerates the breakthrough of SOC and reduces the
lifetime of the GAC bed (Summers et al. 1989). The GAC
column capacity for trichlorethylene was found to be more
than 50 percent less than in batch adsorption experiments.
The breakthrough was unpredictable because of long term
reduction of the adsorptive capacity due to NOM adsorption
on the GAC.
Chiou and co-ioorfeers (1986) observed an increased
solubility of SOCs in drinking water in the presence of NOM.
The adsorptive capacities for removal of SOCs are exhausted
earlier if NOM is present in the water.
The reaction between NOM and chlorine during
disinfection is now well known to produce trihalomethanes
(THMs) (Symons, 1981) or other disinfection byproducts
(DBFs). Amy et al (1987) showed that the THM formation
potential increases with increased NOM concentration.
Jacangelo and co-ioorkers (1989) observed a high concent¬
ration of aldehydes and lower concentrations of chlorinated
compounds after ozonation of drinking water as compared to
conventional chlorination. Little information is available
on the health effects of ingestion of ozone byproducts
(Jacangelo et al. 1989)
Biodegradation of NOM. Researchers have found that NOM
in drinking water can serve as a primary substrate to
support a biofilm which is capable of removing taste and
odor causing compounds (Namfeung & Rlttmann. 1987a) as well
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as SOCs {Chang  &  Rlttmann, 1987, DeWaters. 1987. Speitel.
1985). SOCs can be removed biologically even if their
concentration is below S . (Namfeung & Rlttmann, 1987b),
provided that other substrates are available to support
biofilm growth
Measurements of NOM removal from water by biological
activity in GAC beds have been reported (Jefeel, 1979,
Wilderer et al, 1985). Because the organic components of
each water supply are different and change with time,
absolute comparisons are not possible. The removal of
organic material (measured as dissolved organic carbon) in
bioactive processes range from 6% to 50%, reported in a
review by Rlttmann & Snoeylnfe (198't).
The process of biodegradation of NOM is not well under¬
stood. Little information about biodegradation rates of NOM
is available, although such information is necessary to
predict BAG process performance. Most NOM biokinetics were
determined in suspended growth tests (Werner, 1982). Due to
different environmental conditions other organisms might
prevail in biofilms than in suspensions. Therefore, the use
of kinetic data received from suspended growth tests might
be questionable (Rlttmann et al. 1986)
Impact of preozonation on NOM. Ozone, a powerful
oxidant, will react with NOM during preozonation. This
reaction has an impact on the NOM*s adsorbability and bio-
degradabi1ity.
Ozonation at high dosages of 2 g 0_/g DOC was not found
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to reduce the DOC of the solution (Amy et al. 1988).
However, the molecular weight distribution after ozone
treatment showed an increase in smaller fractions (MW <500;
500-10000; 10000-20000;) and a decrease in higher fractions
(MW 20000-40000; MW >40000) . The average molecular weight
of NOM was reduced after ozone application.
A decrease in adsorbabi1ity of NOM on GAC has been
observed with increased ozone dose by several researchers
(Fettlg, 1985. Harrington and DtGlano, 1989. Hubele, 1985).
Kaastrup (1987). however, found that the adsorbabi1ity of
NOM on GAC increased for low ozone dosages (ozone dose < 0.5
g 0^/g DOC), and decreased for higher dosages.
No statistical evidence of a change in adsorption
characteristics of NOM on GAC at ozone dosages of
approximately 1 g 0~/g DOC was detected by Glaze and
co-workers   (1986). However, a slight shift of the adsorption
isotherm to the right (i.e. less adsorbabi1ity) was shown.
The biodegradabi1ity of NOM can be enhanced by pre-
ozonation. Gilbert (1987) conducted a series of BOD- tests
on humic acids derived from surface water and from ground-
water for different ozone dosages. He observed no biological
degradation in the non ozonated sample. However, a BOD^/COD
o
ratio of 0.4 could be detected after an ozone consumption of
6 mmol/1. which means that the biodegradabi1ity could be
Increased to 40 % of the COD with the applied dosage.
Experiments conducted with an infinite batch reactor
showed that the biodegradabi1ity of NOM could be increased
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from 5% to 55% by applying an ozone dose of 1.82g O^/g DOC
(Hubele & Sonthetmer. 198k).
An increase in NOM removal up to 50 % has been observed
in a completely-mixed, fixed-film reactor, operating at an
EBCT of approximetely five minutes, after ozonation at a
dose of 1 mg O^/mg TOC (DcWaters. 1989).
2.3. Summary
Microbial activity in GAC filter adsorbers is well
documented in the literature. Attempts have been made to
model the process of simultaneous adsorption and
biodegradation of single- and multi-organic components on
activated carbon and other adsorbents.
Suspended growth tests to characterize the microbial
community in the biofilm are commonly conducted. The use of
actual biofilm microorganisms for these tests is
advantageous for process characterization. An in-situ
technique, however, seems most preferable for the deter¬
mination of substrate uptake rates in a biofilm system.
Investigations to characterize NOM have recently been
conducted. The impact of physical and chemical treatments on
NOM fractions was observed. The biodegradabi1ity of NOM can
be enhanced by applying low dosages of ozone. The chemical
structure of NOM is still not well understood.
CHAPTER 3. ADSORPTION AND BIODGRADATION IN
GAC FIXED-FILM CSTRS
3.1. Experiaental Methods
3.1.1. Natural Oreanic Matter (NOM)
Source of NOM.  NOM was obtained from Lake Drummond. a
lake located in the Great Dismal Swamp in Suffolk. Virginia.
The lake water has a total organic carbon (TOC) content of
approximately 60 mg/1; depending on weather conditions
before sample collection, the TOC could be as high as 100
mg/1. The lake water was estimated to have a total Kjeldahl
Nitrogen (TKN) of 2.0 mg/1 and a total phosphorous content
of less than 0.5 mg/1 {Dunham,   1989). Lake water was
collected in 20 1 containers, filtered through a Ifxm
honeycomb filter (Brunswick Technics Filterite. Timonium.
Maryland) and stored at 4 °C until use.
Preparation of the ozonated NOM solution.
(1) Ozonation. Lake Drummond water was ozonated in 20 1
batches directly before use. to minimize the occurrence of
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decomposition and mlcroflocculation processes In the
ozonated NOM mixture (Doioblggln & Singer. 1989). An ozone
dosage of 1 mg 0~/mg TOC was applied with a Grace LG-2-LI
laboratory ozone generator (Union Carbide, South Plainfield,
New Jersey). A schematic of the ozonation apparatus is given
in Figure 3.1 and a summary of the operating data in
Table 3.1. Ozone gas was delivered through stainless steel
or teflon tubing to a glass reactor containing 20 1 of lake
water. Generation rates were calculated by passing the ozone
gas through a secondary circuit KI traps for 2 min before
and after sample ozonation. An overall generation rate was
estimated by averaging both measurements. The ozone dosage
was calculated by applying a mass balance over the system.
After ozonation, which was generally 40 to 50 minutes.
Ng gas  was passed through the reactor at a flowrate of 1
1/min for 15 minutes to purge all unreacted ozone from the
sample. The unreacted ozone remaining in the reactor was
collected in a KI trap. No attempt was made to account for
any decomposition of ozone; this effect should be small
compared to the ozone reacted at short contact times and at
neutral pH {Standard  Methods.   1985). The ozone concentration
in each KI trap was determined using iodometric titration
(Standard  Methods.   1985). Free iodine, liberated from the KI
solution by 0^ was titrated at pH 2 with a standard 0.1 N




















Figure 3.1. Schematic of the Ozonation Set-up
Table 3.1
Ozonation Operating Parameters
Op Pressure in Generator (psi)
Voltage Supplied to Generator (V)
Oxygen Gas Flowrate (1/min)
Ozone Generation Rate (mg/min)
Ozonation Time (min)
Ozone Dose (mg 0_/mg TOC)
Nitrogen Purge Time (min)










thiosulfate solution was calibrated with potassium biiodate.
(2) Nutrients and buffer solutions. Ozonated Lake
Drummond water was diluted with sterile distilled, deionized
water to a TOC of 7 mg/1 to serve as a standard feed.
Additional nutrients were added in order to ensure that
carbon was the growth limited substrate (see Table 3.2). The
nutrient dosage was estimated to provide an excess of
nutrients required for microbial growth, based on the
stoichiometric formula for bacterial "life" (C^„HoyO^~N.-P)
(McCarty, 1970). A safety factor of two was applied to
estimate the actual nutrient salt concentrations.
The pH of the feed water was held constant at value of
6.3, which was reasonable to simulate water treatment
applications, by using a carbonate buffer (5 % COp and
NaHCO~). Constant purging with a gas mixture of 5 % COp in
air kept the feed solution saturated at the required C0„
concentration.
3.1.2. Experimental Set-up
Reactor design. A completly mixed fixed film reactor
(CSTR) was achieved by applying a high recycle flowrate as
compared to a slow feed flow rate to the short packed bed
(Figure 3.2). The same reactor design was used by Chang and
Rlttmann (1987) and by DeWaters and DiGiano   (1989). The
#
Table 3.2




















J    Tube
To Sample Collection
Feed Pump Recycle Pump
Figure 3.2. Schematic of Fixed -Film CSTR
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concentration gradient in the bed was essentially zero; the
reactor represented a differential element of a flow through
column. This means that the axial concentration gradient is
eliminated which is important in assuring the same
biokinetics occurring throughout the GAC element. The
fixed-bed CSTRs were constructed of glass. Two different
sizes were used.  The first CSTR design had a diameter of
3
1.85 cm and a length of 2 cm (empty bed volume of 5.4 cm ).
which held approximately 4 g of GAC. The second series of
experiments were conducted with an improved column design,
having a diameter of 1.5 cm and a bed length of 3.8 cm
3
(empty bed volume of 4.98 cm ), which held 3 g of GAC. The
void volume of the recycle line and the volume of the
headcaps was reduced in this improved design from
3 3
approximately 20 cm  (of the first design) to 9 cm .The
columns were equipped with removable endcaps, which were
held in place by viton o-rings and metal clamps. The GAC was
retained in the bed with a stainless steel screen (50 mesh).
The feed pump (ISMATEC peristaltic pump, Cole Palmer
Instrument Comp., Chicago, Illinois) accurately delivered
feed at low flowrates. A constant feed flow rate of 2 1/day
was used throughout the CSTR experiments. The recycle pump
(Masterflex peristaltic pump. Cole Palmer Instrument Comp.,
Chicago, Illinois), had a higher capacity than the feed
pump, which was advantagous in making the CSTR behave as a
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differential element and in controlling the loading rate.
The loading rate was set at 17 m/hr, which is considered to
be a practical rate for GAC filter-adsorbers in water
treatment (Montgomery. 1985). The loading rate was monitored
with a rotameter (Dwyer Instruments, Michigan City,
Indiana); the feed flowrate was measured periodically with a
stopwatch and a graduated cylinder. Silicon tubing was used
for the feed pump; the recycle pump used nalgene tubing (ID
0.25 in), which is autoclavable and impermeable to gases.
All other tubing used in the system was Teflon (ID. 1 mm).
The empty bed contact time (EBCT), which was calculated by
dividing the empty bed volume through the feed flowrate, was
3.87 min for the first CSTR design and 4.39 min for the
Improved design.
Feed was stored in two different kinds of glass
containers. For long term experiments, a large container
(8 1) was used. Glass aspirator bottles (2 1) served as feed
containers for short term experiments. Both types of
reservoirs were capped with rubber stoppers. C0„ gas (5 %)
was bubbled continously through the feed as part of the
chosen buffer system; glass tubing with glass wool was used
as a gas vent to prevent atmospheric contamination of the
feed. Biodegradation in the reservoir was minimized by
chosing a small container, which required frequent cleaning.
Fresh feed solutions were prepared depending on the
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type of run either dally or every four days in freshly
autoclaved reservoirs. The entire set-up was sterilized by
autoclaving for 30 minutes at 20 psi prior to initiation of
each experiment.
The experiments used several CSTR's operated either in
series or in parallel. When a series configuration was used,
T-shaped glass stopcocks (ID 1.5 mm) were installed to serve
as sampling ports between the reactors.
GAC sample. F-400 GAC (Calgon Corp.. Pittsburgh.
Pennsylvania) served as an adsorbent for all CSTR
experiments. The GAC was ground, either with a mortar and
pestle or with a grain mill, and sieved for 20 minutes per
batch to retrieve the U.S. Tyle Sieve 30 x 40 mesh fraction
(average diameter 0.5 mm). The carbon sample was rinsed with
distilled deionized water until no carbon fines were visible
in the water, dried at 105 °C. and stored in a dessicator at
room temperature until use. Prior to use, the sample was
rinsed again and autoclaved for 30 minutes at 20 psi.
Sample dry weights were obtained by drying at 105 °C




NOM concentration. Total organic carbon (TOC) and
sometimes dissolved organic carbon (DOC) were used as
surrogate parameters to measure NOM concentration in the
water. DOC samples were vacuum filtered through a 0.2 fim
Nuclepore polycarbonate membrane filter (Nuclepore Corp.,
Pleasanton, California) which had been prerinsed with
distilled deionized water.
TOC and DOC were measured with an O.I. Model 700 Total
Organic Carbon Analyzer (O.I. Corporation, College Station,
Texas); sodium persulfate is used to oxidize the TOC to COp,
which is then analyzed with an infrared detector.
NOM composition. NOM composition was analyzed using
high-performance size-exclusion chromatography (HPSEC). The
chromatography was carried out at ambient temperature using
a waters HPLC system that consisted of a Model 6000 A pump,
a Waters Universal Model U6K injector, and a Model 440
absorbance detector operating at 254 nm. The column
(7.5 mm x 600 mm) was packed with TSK-G-3000 SW (Supelco
Inc., Belufonte, Pennsylvania). Separation of the high
molecular weight organic material was performed in a
phosphate buffer solution, pH 6.5 (0.02 M KHgPO  +
0.004 M KgHPO^). at a flowrate of 1.0 ml/min. The injection
volume was 50 iil.   The sample was prefiltered with a sterile
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0.45 jxm cellulose membrane filter (MSI. Westboro. MA.) prior
to Injection. A similar set-up has been used in the past by
other reseachers (Becher e t al. 1985, Sonnenherg,    1989) to
determine the composition of NOM.
Biofilm observation. BAG samples were removed from each
of the CSTRs operating at steady state and examined under a
scattered electron microscope (SEM). The sample has to be
dry and of high conductivty for SEM microcopy so that the
electrons hitting the surface can leave the surface fast
without building up a capacity. A series of steps had to be
conducted to preserve the shape of the biofilm even after
dehydration and drying. The samples were preserved at the
Department of Pathology at the University of North Carolina
at Chapel Hill using the following procedure:
1. replacement of the water with a 0.1 M phosphate
buffer,
2. replacment of the buffer with 2 % glutaraldeyde.
4 % paraformaldehyde fixative in a 0.1 M phosphate
buffer for at least one hour.
3. replacement of the fixative with 0.1 M phosphate
buffer,
4. staining of the sample duplicates in 0.05 %
ruthenium tetroxide.
5. dehydration of the samples through a graded ethanol
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series: 35 %. 50 %. 70 %. 95 %. 100 % (two baths in
each ethanol concentration).
6. replacement of the ethanol with freon 113,
7. critical point drying using CO- as the transition
fluid,
8. mounting of the particles on aluminum stobs,
9. sputter coating the mounted stubs with Au (60 %)
and Pd (40 %).
The prepared biofilm specimen were observed using a
Cambridge S-200 SEM.
A similar procedure was recommended by Chang (1985) for
identication of organisms growing on GAC.
3.2.Results and Discussion
3.2.1 Breakthrough Curves
Three CSTRs in series were used to simulate a flow
through GAC column behavior. The breakthrough of NOM from
CSTRs operating in series was observed in three different
experiments. The feed NOM concentration and the flowrate
were the same in all three cases. A summary of the
experimental conditions is presented in Table 3.3. Run No. 1
used three CSTRs in series, while two were used in Run
Table 3.3
Summary of Experimental Conditions for Run No 1 to 5
Run No:
Start Run  9/8/88   11/22/88   2/7/89   6/2/89   5/8/89
End Run   11/10/88  12/23/88   4/20/89   8/20/89   5/31/89
NOM
Col lection 4/1/88 4/1/88 4/1/88 6/1/89 3/1/87
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No. 2. The total reactor volume in Run No. 2 was reduced
3 3
from 75.1 cm  to 44.21 cm  by reducing the diameter of the
recycle tubing. Runs Nos. 1 and 2 both used approximately 4
grams of GAC (dry weight) per reactor.The modified
(improved) reactor design was used in Run No. 3. Three of
3
the smaller CSTRs (total reactor volume = 13.96 cm ) were
placed in series for this run. Each reactor held
approximately 3 grams of GAC (dry weight).
The effluent TOC concentrations from each reactor in
Run No. 1. normalized to the initial feed concentration at
any time, are presented in Figure 3.3. Because three CSTRs
in series were used in this experiment, the effluent TOC
concentration of the previous reactor served as feed for the
next (i.e., effluent of CSTR No. 1 serves as feed for CSTR
No. 2 and effluent of CSTR No. 2 serves as feed for CSTR No.
3).
In comparison, predicted effluent concentrations are
presented in Figure 3.4 for a hypothetical NOM solution that
is described by a single non-biodegradable but adsorbable
component from the same experimental set-up (the assumed
input parameters to the model are presented in the table
below Figure 3.4) (Pedit. 1989b). The model incorporates the
resistance of a  hyrodynamic boundary layer around the GAC
particle and a surface diffusion resistance of the compound
on the activated carbon, which is assumed to be homgenous. A
m
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Breakthrough  Curves  for Run  No   1
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Figure 3.3. NOM Breakthrough Curves for Run No. 1
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Figure   3.4.   Predicted  Adsorption  Breakthrough  Curves   for
One   Component   for   Three   CSTRs   in  Series.
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similar model was used in the past by other researchers
(Crlttenden, J.C. et al. 1978) to predict adsorption of
organic compounds on GAC.
The experimental breakthrough curves differ from the model
predictions. While the breakthrough curve for CSTR No. 1 is
similar to that predicted in Figure 3.4, those for CSTR No.
2 and No. 3 show that the effluent concentrations in the BAC
process increase more slowly. In fact, the effluent
concentrations from each experimental CSTR never reach the
influent concentration, as would be expected if only
adsorption were occurring. Rather, a steady-state TOC
removal is attained due to NOM biodegradation in the GAC
bed.
The overall TOC removal in 12.9 minutes of EBCT is
shown by the breakthrough curve of CSTR No. 3 in Figure 3.3:
45 % of the feed NOM is removed by biodegradation at steady
state. At the beginning of operation and throughout the
first 400 hours, the effluent TOC concentration from CSTR
No. 3 was 1 mg/1 as TOC. Applying the concept that NOM is
composed out of several hypothetical fractions with
different biodegradation and adsorption characteristics,
this initial effluent TOC would represent the
non-adsorbable. slightly biodegradable fraction of NOM in
the reactor feed.
The assumption of a fixed-film, completely reactor is
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that the biodegradation occurring in the recycle tubing is
negligible compare to the biodegradation in the carbon bed.
Biofilm growth outside the packed bed (e.g. tubing wall,
reactor wall and suspended growth in the void volume of the
CSTR) might effect overall NOM biodegradation. The
degradation contributed to the CSTR might be, therefore,
overestimated if biodegradation outside the packed bed
becomes significant. Two CSTRs in series were used in Run
No. 2. The Nalgene recycle tubing (ID = .25 in) was replaced
by Teflon tubing (ID = 1 mm) to reduce the total volume of
3 3
the CSTR significantly (from 75.1 cm  to 44.21 cm ). The
breakthrough of NOM from each CSTR, normalized to the
initial feed, are shown in Figure 3.5. The TOC breakthrough
curve from CSTR No. 2 in Run No.2 is significantly different
than from CSTR No 2 in Run No. 1. A steady-state removal of
25 % from CSTR No. 1 and 55 % from the total set-up was
achieved, in contrast to 40 % removal in Run No. 1 after
CSTR No. 2. The higher TOC removal in Run No. 2 cannot be
explained by reducing the void volume of the reactor (see
calculations in Appendix 1). In fact, removal in Run No. 1
was expected to have been higher than that in Run No. 2,
because more empty reactr space was available in which
bacteria could attach to the walls on either end of the bed,
as well as be suspended in the recycle line.
Ozonation has been shown to enhance the
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Figure 3.5. NOM Breakthrough Curves for Run No. 2,
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blodegradability of NOM. Although the NOM used in Run Nos 1
and 2 were from the same source of water, it was ozonated at
different times. The feed used in Run No. 1 was ozonated
five months before the start of the run whereas the feed
solution used for Run No. 2 was ozonated two months in
advance. The TOC decreased from an initial concentration of
39.3 mg/1 to 30.8 mg/1 after two months storage, even though
the ozonated NOM was stored in a dark, cold room at 4 °C to
inhibit microbial activity. In addition, after extensive
storage a sediment was found in the bottom of the 20 1
containers in which the NOM mixture was stored. Ozonation
has been shown to enhance microflocculation and coagulation
processes. Biodegradation of the readily biodegradable
matter and microflocculation may have altered the
composition of the initially identical feed solutions. It is
apparent that the ozonated feed becomes biologically more
stable, i.e.. less degradable. with extended storage time.
since only readily degradable fractions will be degraded at
4 °C. The different results observed in Run Nos. 1 and 2
might therefore be explained by changes occurring in the NOM
solution as a consequence of different lengths of storage.
The TOC effluent concentrations in Run No. 3,
normalized to the feed concentration of CSTR No. 1. are
shown in Figure 3.6. Breakthrough with this (improved)
set-up occurred earlier than in the previous two runs. After
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Figure 3.6. NOM Breakthrough Curves for Run No. 3.
"'^^'^;"
400 hours of operation, the effluent concentration from CSTR
No 3 in Run 3 reached 31 % of the initial feed as compared
to 23 % observed in Run 1. The total NOM TOC removal at
steady state in Run No. 3 was 43 % as compared to 55 % in
Run No. 1. Steady-state in CSTR 1 was reached aftr 500 hours
of operation; in. CSTR 3, which represents the total bed
behavior, after 900 hours (Figure 3.6).
The earlier breakthrough and the lower total removal
observed in Run No. 3 can be explained by the different
reactor design. The CSTRs in Run No. 3 held 25 % less GAC (3
gr. versus 4 gr in the "old" design) and the total volume of
3
the reactor, including void volume, was reduced from 75 cm
3
to 14 cm   Due to the loss of surface area available for
biofilm establishment and the decrease in fluid volume for
suspended growth, the biodegradation rate is expected to be
less than in the reactors used for the previous runs.
The ozonated NOM mixture used at the beginning of Run
No. 3 had been stored for five months at 4 °C. After 500
hours of operation, the feed was switched to a freshly
ozonated batch.
An additional experiment (Run No. 4) was conducted with
fresh NOM ozonated immediately before the start of the run.
The objective of this run was to determine the extent of
overall NOM removal with three CSTRs in series; no data of
effluent concentrations for the initial phase of the
49
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experiment (first six weeks) Is therefore available.
Effluent TOC measurements were taken periodically during the
last two weeks of the two-months run. A steady-state TOC
removal of 54 % from the entire set-up was achieved for the
freshly ozonated NOM mixture without being stored. This is
approximately 10 % higher than the removal achieved with the
NOM mixture which had been stored, after ozonation, for five
months before use. It suggests that a freshly ozonated NOM
mixture contains more bioegradable material.
NOM is a heterotrophic material and this could also
contribute to discrepancies in steady-state removals in each
run. Eventhough the source of NOM was the same in all
experiments, this does not ensure that the composition of
the NOM is identical. The observed variation in
biodegradabl1ity could very well be due to the fact that the
feed solution was not the same in each run. However, changes
in NOM feed composition with storage cannot be shown
quantitavely because TOC was the surrogate parameter used to
measure NOM concentration and not HPLC analysis.
To demonstrate the performance of each single CSTR in
the series configuration the effluent concentration from
each CSTR was normalized with its specific influent feed
concentration. The NOM breakthrough could be observed at
different locations of a full scale GAC column. Normalized
TOC effluent concentrations from each CSTR in Run No. 1 are
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Figure 3.7. Normalized NOM Breakthrough Curves for Run No. 1
52
shown In Figure 3.7.  These breakthrough curves differ
substantially from each other.  The hump which occurs at the
beginning of the breakthrough curves of CSTR Nr. 2 and Nr. 3
(Figure 3.7) can be explained by the presence of a slightly
adsorbable, biodegradable fraction in the NOM.  Because this
fraction of NOM is not well-adsorbed, there is an immediate
rise in the effluent concentration at start-up of the
reactors.  However, effluent concentration then decreased
due to the onset of biodegradation once the biofilm is
established on the GAC surface.  Although the microbial
population probably reaches a steady state, the effluent
concentration again increases because some components are
not biodegradable but are adsorbable, and these will escape
the bed when the sorptive capacity is exhausted.
Steady state in the microbial community (as measured by
the time before the final rise in effluent concentration)
was reached for each reactor at a different time, as shown
in Figure 3.7.  No hump was observed in the effluent
concentration pattern of CSTR No. 1 because a constant and
high influent concentration made it possible to immediately
establish a biofilm.  For the following CSTRs, however, the
influent concentration and composition varied with respect
to time until steady state in the previous reactor was
reached.  The time to establish a steady-state microbial
community, as observed in Figure 3.7, is longer for each
53
successive reactor.
A similar shape in the breakthrough curves of ozonated
NOM was observed by other researchers (DeWaters and  DiGiano,
1989).  A theoretical multi-component BAC model for CSTRs
(Pedlt. 1989a) describes such a characteristic shape by
hypothesizing that the NOM mixture is composed of several
fractions with different adsorption and biodegradation
characteristics.  A model prediction is shown in Figure 3.8.
This model run was performed using a two-component system,
one component being readily biodegradable and only slightly
adsorbable and the second component non-biodegradable and
highly adsorbable.  For this case the diffusivities through
the hydrodynamic boundary layer are assumed to be the same,
because the purpose of this run is to qualitatively
demonstrate a specific breakthrough curve shape. (A listing
of the computer code and the input parameters used, is
presented in Appendix 2.)
No "hump" is observed in the breakthrough curve for
CSTR Nr. 1 and Nr. 2 in Run No. 2 (Figure 3.9).  The freshly
ozonated feed used in this run may have enabled rapid
biofilm establishment even in the second column, so that the
immediate rise and subsequent decline in effluent TOC would
not be observed.  However, a pseudo-steady-state in the
first 300 hours of operation in Run no. 2, with 50% removal
(Figure 3.9), indicates that the loss of adsorptive capacity
Predicted Effluent Concentration for Biodegradation and












Figure 3.8. Predicted Breakthrough Curve for Mixture of Biodegradable/Slightly
Adsorbable and Nonbiodegradable/Adsorbable Components in a CSTR.
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Figure 3.9. Normalized NOM Breakthrough Curves for Run No. 2,
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is compensated for by increased microbial activity.
The TOC breakthrough curves measured in Run No. 3
(Figure 3.10) were similar in shape to these in Run No. 2
when normalized as in Figure 3.9. Almost no "hump" was
observed in CSTRs Nos. 1 and 2 but a well defined hump
occurred in TOC effluent concentration from CSTR No. 3.  The
fact that the reactor volume and carbon mass were smaller in
Run No. 3 than in Run No. 2 may explain why the
characteristic hump at the beginning of the breakthrough
curves was not observed.  With less sorptive capacity,
effluent TOC concentration probably increased so rapidly
that a decrease in effluent concentration by the established
biological activity in this transient phase of operation was
not observed.
Cumulative TOC loadings per gram GAC are plotted as a
function of time for each reactor in Run Nos. 1, 2 or 3 in
Figures 3.11, 3.12 and 3.13, respectively.  The TOC loadings
were calculated with the assumption that all TOC which was
not present in the reactor effluent remained sorbed to the
GAC, with no biodegradation occurring in the reactor.
Included in each figure is the equilibrium loading
calculated at the influent feed TOC concentration.
(Adsorption isotherm experiments for NOM on GAC have been
conducted by other researchers (Harrington. 1987) to
estimate the equilibrium loading.)  The TOC loading in CSTR
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Figure 3.10. Normalized NOM Breakthrough Curves for Run No. 3,
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Figure 3,11. Cumulative NOM Loading on GAC in Run No. 1.
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Figure 3,13. Cumulative NOM Loading on GAC in Run No. 3.
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Nr. 1 for Run Nos. 1, 2 and 3 exceeds that predicted from
equilibrium calculations.  This means that TOC ,must have
been removed from the feed by a process other than
adsorption.  All three CSTRs in Run No. 3 exceeded their
maximum adsorptive capacity for TOC.  Another important
feature is the linear relationship observed between TOC
loading and time (after long operating times) in Figure
3.11. 3.12 and 3.13. This also suggests steady-state
biodegradation rather than adsorption (adsorption is a
non-linear process; rate limitations are occurring due to
internal diffusion).
3.2.2. Biofilm Growth on GAC
Detailed breakthrough curve. Another experiment was
conducted to examine the shape of the TOC breakthrough curve
in more detail than in Run Nos. 1 to 3. The effluent from
one CSTR. fed with ozonated NOM (C = 7 mg/L TOC). was
sampled every 20 minutes for 250 hours as compared to
sampling every 60 minutes for 20 hours followed by sampling
every eight hours until steady-state was reached in Run No.
1 to 3;  the sampling interval was then increased to 40
minutes.  The resulting breakthrough curve for this run (Run
No. 5) is shown in Figure 3.14.
A very well-defined hump is observed (i.e.. a sharp




Figure 3.14. Breakthrough Curve for Run No. 5,
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initial increase in effluent TOC. followed by a subsequent
decrease due to blofilm establishment). The minimum in
effluent TOC is taken to indicate full development of
biological activity; this occurs after less than 10 hours of
operation. Another interesting feature of Figure 3.14 is the
"spikes" in effluent TOC that occur rather regularly about
every 100 hours. Since only TOC measurements were conducted,
the periodically rise in TOC concentration with a subsequent
decrease might be explained by the presence of biomass in
the effluent. Shear and other physical stresses of the
biofilm might cause the periodically loss of biomass. This
would mean that rather large portions of the film were torn
from the surface and left the reactor.  Noticeable also is a
pattern in which effluent TOC is lower after the spike than
before (e.g. at t = 250 hours) This may imply less biomass
on the GAC surface provides some additional sorption sites.
Scanning Electron Microscopy. Scanning electron microscopy
(SEM) pictures were taken of GAC withdrawn from each of the
CSTRs in Run No. 5 after a steady-state biofilm
establishment.  Figures 3.15 through 3.17 show the
established biofilms in CSTR No. 1. 2. and 3.
These SEMs can be compared to fresh GAC with no biofilm
(Figure 3.18). In the biofilms from each CSTR. filamentous
bacterial growth as well as actlnomvcetes with extensive
^'^^g^'SfV^a^'-f^




Figure 3.15. SEM of Biofiim on GAG, CSTR No 1
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Figure 3.16. SEM of Biofiim on GAG, GSTR No 2
1,06KX       25KU  WD^26t1t1       S
20Ut1-
P^00007
Figure 3.17. SEM of Biofilm on GAC, CSTR No 3
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Figure 3.18. SEM of clean GAC without Biofilm
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extracellular material can be seen.  Individual bacteria are
also found in the microbial film.  Filamentous organisms,
especially actInomvcetes. are expected in a system fed
mainly with slowly degradable material such as NOM (Grady
and Lim, 1980).  The presence of yeasts and fungi would not
be surprising, either, since these organisms are capable of
utilizing a wide variety of substrates and are favored in a
low nutrient environment (Grady and Lim. 1980).
The extent of blofilm coverage among the three CSTRs is
fairly similar (Figures 3.16 through 3.18), although blofilm
thickness seems to be greatest in CSTR Nr. 1, and to
decrease with each successive CSTR.  Because a substantial
amount of blomass is lost during the fixation process, a
quantitative conclusion regarding blofilm thickness cannot
be drawn (Chang. 1985).  The method used, however, allows
the blofilm to be viewed rather well on a microscale.  So as
to characterize different species present in the film. While
ruthenium red is reported to increase the visibility of
biof1Im-related material (Chang, 1985),  no difference could
be observed in this research between the biofilms prepared
with and without this stain (Figures 3.19 through 3.20).
Other techniques recommended for observing the amount
of blofilm on GAG Include the Sputter-Cryo Technique,
critical drying, and freeze drying without prior fixation
with glutaraldehyde (Richards and  Turner.    i98k;   Chang.







Figure 3.19. SEM of Biofilm on GAC; Preparation with Ruthenium Red
l;69KX      25KU WD = 22I1I1      3^00000 P:00012
20ut1
'1fv%
Figure 3.20. SEM of Biofilm on GAC; Preparation without Ruthenium Red.
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1985).  In this case, however, the preserved slime layer
prevents observation of individual species in the film.
Since the main interest in this research was to use SEM to
view bacterial species within the biofilm, no attempt was
made to quantify the mass of biofilm by using these
techniques.
The observation from Figure 3.14 that large fragments
of biofilm leave the reactor at one time rather than in a
continous washout can be understood by examining the biofilm
structure on the SEM photos (Figure 3.15 through 3.20).  The
"net-like" structure of the film prevents a continuous
washout of bacteria from the bed.
3.2.3 The Effect of BAG Treatment on the NOM Mixture
High Pressure Size Exclusion Chromatography (HPSEC) was
conducted to demonstrate the effects of NOM heterogeniety on
biodegradation observed in each reactor operated in series.
HPLSEC analysis was recommended for NOM characterization
(Knuuttnen et al. 1988).  Effluent samples were taken from
each reactor after steady state TOC removal had been
reached.  Figure 3.21 shows a chromatogram in which the UV
absorbance of the feed solution (TOC = 7.5 mg/1) to CSTR Nr.
1 is plotted as a function of elution time.  The general
shape of the curve is very similar to that found by other
Figure 3.21. HPSEC Chromatogram of NOM Feed
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researchers (Becher, et al., 1985).  The shorter the elution
time, the higher the molecular weight of the fraction being
eluted.
A calibration technique is available in which a
standard solution of known molecular weight is fed to the
HPLC and the elution time is recorded.  Becher et al. used
dextrans and globular proteins as standards to determine the
molecular weight of the humic fractions.  Dextran standards
are used for a molecular weight range of 3300 to 1700 g/mol,
compared to a range of 140,000 to 65.000 for the protein
standards.  Standard solutions with sorptive behavior and
molecular weight similar to NOM are difficult to find and,
therefore, were not used in this research.  Instead, these
chromatograms are Intended only to show qualitatively the
fate of NOM fractions (corresponding to UV absorbance peaks
at various elution times) at different positions in a GAC
bed as shown in Figure 3.22 and Figure 3.23.
Figure 3.22 shows the absolute reduction of each
fraction caused by passage through each of the three CSTRs
in series.  The percent decrease in each NOM fraction is
presented in Figure 3.23.  Each NOM fraction was removed in
each reactor, but to a different extent;  thus, the
composition of the NOM was changed by biodegradation
occurring in each reactor.  Higher molecular weight
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were degraded more slowly than smaller molecular weight
fractions; this is indicated by the increase in percent
composition of higher molecular weight fractions with
increasing number of reactors.  A low molecular weight
substance {elution time 13.2 minutes) was observed after the
first reactor but not in the original feed.  This substance
could be a metabolic by-product resulting from incomplete
mineralization of NOM.  The fact that the percent of NOM
represented by this by-product remains constant suggests its
production in each reactor.
3.3 Summary
Table 3.4 summarizes the removal of ozonated NOM
mixtures achieved under different operating conditions.  The
effect of storage time after ozonation is demonstrated yet,
more information is needed to quantivy this effect.
Biodegradation processes removed a significant amount
of the ozonated NOM.  The TOC loadings on the BAG
fi1ter/sorber are higher than those expected in
non-bioactive GAC filter systems.  As a result, the service
lifetime of a GAC bed can be extended by enhancing microbial
activity on the GAC surface.
Filamnetous microorganisms and extracellular polymers
seem to the major part of the biofilm grown on GAC: also
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Table 3.4
Summary of TOC removal in Run No 1 to 5
Run No
Removal      45        55        43        54        15
(%)
Total EBCT  13.9       8.6      10.7      10.7       3.6
(min)
Feed TOC     -------------------7.0 ------------------
(mg/l)
Effl. TOC    4.6       3.2       4.0       3.2       6.0
(mg/l)
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distinct single bacteria could be observed. The "net-like"
structure of the biofilm inhibits continous cell washout.
Results from more detailed breakthrough curves suggest that
the biomass loss might occur periodically in rather large
portions of biomass.
Results from HPSEC experiments show that NOM fractions
are removed biologically to a different extend in each CSTR.
The NOM composition changes while passing through a
bioactive GAC column.
CHAPTER 4. IN-SITU BIOKINETIC TESTS
4.1. Background
4.1.1. Background Theory of In-situ Biokinetic Test
In an in-situ biokinetic test the rate specific parameters
of biodegradation (V    and K ) are determined directly in^ '^ max     s' •'
the fixed film reactor. The flux into a biofilm follows the
following relationship, first proposed by Atkinson and
Dautes (197/*)
S
J = Ti V    L. -^—-^=--. 4.1'  max  f  K  + S
s    s
with
J    = flux of substrate into the biofilm (M/T/L^)
V    = max. substrate utilization rate (M/T/L^).max * ͣ     •*
L-   = biofilm thickness (L),




K    = half saturation constant (M/L ),
s
Tj    = effectiveness factor (-).
Microbial activity is described by the Monod model. The
effectlvness factor (t]) represents the ratio of actual flux
into the film to the flux that would occur if the biofilm
were fully penetrated at the substrate concentration S
Based on mathematical fitting, Atkinson and Dauies {197k)
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From Equation 4.2, t)  approaches 1 for fully penetrated
biofilms (i.e. at thin biofilm no concentration gradient in
the biofilm is occurring).  In water treatment applications
where low substrate concentrations prevail, the biofilm
thickness is expected to be small. Since thin biofilms are
easily penetrated, in general, t) approaches one for water
treatment systems.
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At low substrate concentrations, K  is much greater
than S  for heterotrophic bacteria (Werner, 1982, McCarty,
s
1981).  Equation 4.2 simplifies in this case to a
first-order rate equation for the flux into the film with
respect to S .
s
J = r,^|^L, S^. 4.3
r
The biofilm substrate concentration is related to the
bulk liquid substrate concentration in the following way:
S  = S---J- J 4.4
s        ^1
where k, represents the mass transfer coefficient (L/T) for
the substrate through the hydrodynamic boundary layer.
Empirical correlations to estimate k, are available in the
literature (as discussed in Chapter 2). The approach
followed by Gntelinsfet (1975, 1978) adjusted for packed beds
(Schluender, 1975), was used in this research to estimate k,
(see eq. 2.6 to 2.9).
The flux into the biofilm in a CSTR, which was used in
this research, can be calculated from a mass balance on
substrate at steady state:
QS  -QS-JaV = 0
o
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S  - S
J = —^------. 4.5
T a
For each hydraulic residence time, t (T), a steady
state flux, J, and a specific effluent concentration S
3(M/L ) is achieved. A short term change in t will result in
different values of J and S. The characteristic time to
alter the substrate concentration profile within the biofilm
is assumed to be rapid compared to the characteristic time
associated with changes in biofilm thickness (Rlttmann &
McCarty, 1981, Gantzer, 1989). The biofilm thickness, L., is
assumed to remain constant during this short term change of
T. Repeating this experiment for several different hydraulic
residence times will result in a set of data for J versus
S . The biokinetic parameters are to be determined by
regression analysis using the rate model (non-linear Monod.
eq. 4.1, or first-order approximation, eq. 4.3) of interest.
4.1.2. Simultaneous Biodegradatlon of NOM Fractions
The flux of substrate into the biofilm might be
influenced by the heterogeniety of the NOM. It is already
well documented that various NOM fractions adsorb
differently. Likewise, it is reasonable to expect
biodegradatlon to vary as well. The effect of fractions
varying in biodegradabi1ity on biodegradabi1ity of the whole
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mixture can be illustrated by hypothesizing a mixture of two
components. Appendix 1.1 provides the details of the
procedures used to calculate the flux of the entire mixture
as a function of TOC of the total mixture. The results and
the Monod parameters used are presented in Figure 4.1. The
curve seen is essentially a summation of two Monod type
curves. The mixture was composed of two components.
Component No. 1 had an initial TOC of 1.5 mg/1 and Component
No. 2, 5.5mg/i. For concentrations of the mixture greater
than 5.5 mg/1 the flux-concentration relationship is
dominated by the readily biodegradable Component No. 1. At
concentrations lower than 5.5 mg/1 TOC Component No. 1 is
already degraded. Thus, the shape of the curve Is dominated
by Component No. 2. Only the zero-order portion of the Monod
model curve for component No. 2 is shown because the
first-order range for this component would be for
concentrations less than K  (0.01 mg/1) (Figure 4.1.). The
zero-order relationship for concentration lower than 5.5
mg/1 is represented, as described in eq. 4.1., by the
maximum substrate utilization rate (V   ) and the biofilm* ͣ max'
thickness (L-), which was assumed to be 100 jxm in this
example.
Flux  into  Biofilm vs.  Biofilm  Substrate  Concentration
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Figure 4.1. Flux into Biofilm vs. Biofilm Substrate Concentration for Hypothetical
Two Component System.
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4.1.3. Effect of the Mass Transfer Coefficient on the Flux-
Concentration Relationships
Substrate concentration in the biofilm is calculated in
eq. 4.4. using a mass balance over the hydrodynamic boundary
layer. The substrate concentration in the biofilm and,
therefore, the flux into it depends on the resistance due to
this boundary layer, i.e. k,.
The objective of this research was to develop a method
to determine the biokinetic parameters of NOM biodegradation
in biofilm systems. The true kinetic parameter can be only
determined in-situ, if the effect of the mass transfer
resistance can be quantified.
In Figure 4.2. the flux of substrate into the biofilm
is plotted over the bulk substrate concentration for
different mass transfer coefficents (k,) if the biokinetics
are described by the Monod Model (see eq. 4.1.) (detailed
calculations are presented in Appendix 1.2.). The flux into
the biofilm decreases for a given bulk substrate
concentration if the mass tranfer coefficent is reduced. For
a mass tranfer limited system the flux into the biofilm is
proportional to the bulk substrate concentration with a
proportionality coefficient of k.. If the system is reaction
limited (for high k.'s) the flux follows a relationship
described by the Monod Model (see Appendix 1.2. for detailed
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calculations). For example presented in Figure 4.2, mass
transfer limitation occur for a concentration of 10 mg/1 TOC
for a k, of 0.001 m/hr and 0.0005 m/hr. Whereas, when k, is
0.005 m/hr or 0.01 m/hr, the flux is controlled by the
reaction.
Neglecting the boundary layer mass transfer resistance
in a biokinetic analysis would lead to overestimation of the
K  value and to an underestimation of the first order rate
s
constant (i.e., slope of the linear portion of the Monod
type curve is smaller for a mass transfer limited system
than for a reaction limited one). A conservative approach is
therefore taken with respect to the organisms* metabolic
capabilities if V    and K  are determined without
max      s
incorporating the resistance of the hydrodynamic boundary
layer.
The mass transfer coefficent. k,, is a function of
hydraulic conditions in the packed bed. Estimating the same
biokinetic parameters in repeated experiments at different





4.2.1. Experimental Procedure for In-situ Rate Tests
To measure the biokinetic parameters in each of the
three CSTRs in-situ. the flow scheme was changed from series
to parallel.  A schematic of the experimental procedure used
to determine the biokinetic parameters is given in Figure
4.3 and 4.4. Three CSTRs in series were fed with the
standard feed solution (Chapter 3.1.) until steady state was
reached.  The breakthrough in each of the columns was
followed by continously measuring the respective effluent
TOC. As soon as the effluent concentrations remained
constant, the effluent solutions of CSTR No 1 and No 2 were
collected to serve as feed solutions for CSTR No 2 and No 3
in the parallel mode (Figure 4.3b). In parallel mode the
columns were run for one day at the original flowrate, Q ,
of 2 1/day. The hydraulic residence time, t, was varied
after the first day by changing the flowrate Q .  The
effluent TOC concentration of each CSTR was monitored
continously during the periods when t was changed (Figure
4.4).
Applying a different flowrate for a period of two to
three hours was found to be appropriate to reach a





























Figure 4.3 Schematic of Experimental Procedure for Kinetic Experiments.
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Figure 4.4. Flowdiagram    for In-situ Rate Test
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the biofilm thickness. The flux was calculated using the
hydraulic residence time, t., and the quasi-steady-state
effluent concentration. After measuring the
pseudo-steady-state effluent TOC, the flowrate was set back
to Q . and the system was allowed to stabilize (four hours)
before another flowrate was selected and the biokinetic test
was repeated (Figure 4.4).
4.2.2. Estimating the Biofilm Thickness
To determine the biofilm thickness. L-, a portion of
GAC was removed, weighed, dried at 103 °C, and reweighed
(Rittmann and McCarty, 1980). The biofilm can be assumed to
be ca. 99 % water by weight (Standard Methods, 1985); an
average L- can thus be calculated by applying eq. 4.6:
where
p d  ML  -  ^  P  *_____ 4 6f    p 0.99 M  ,                ^-^'^w c,d
p^  = apparent density of the GAC (M/L^)
p^   = density of the water (M/L^)
d    = average GAC particle diameter (L)
M  , = mass of dry GAC (M)
M   = mass of water evaporated on the
outer surface of the GAC particle (M)
M^ can be estimated by subtracting the amount of water which
is In the pores of the GAC particle from the total mass of






M  = M  ,  - Mw    w,to    w,pores
=  total water evaporated (M).
=  water in the pores (M).
4.7
Bateria are too large to fit into the pore structure of the
GAC F400 particle, with pore radii less than 1 jxra (Lee and
Snoeylnh., 1981). It is assumed that biofilm is established
only on the outer surface of the GAC particle (Chang &
Rlttmann. 1987. Hubele.1985. Speltel et al. 1987). The mass
of water in the pores is thus calculated by assuming that
the total pore space. V     . of the GAC is filled with^ pores
water:
M        = V      p .w.pores    pores '^w
4.8
Assuming that the biofilm consists of 99 % water. 1 %
of biofilm material must remain on the carbon after the
drying process. The weight of the carbon sample must be
corrected by this amount:
M  , = M  - 0.01 Mc. d   c        w
4.9
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The dry weight of GAC is therefore equal to the weight of
carbon after the drying process (M ) minus the biofilm
residual, which is 1 % of the water evaporated at the outer
surface of the GAC particle (M ). The dry weight of the
carbon may be underestimated by assuming that all of the
biofilm residual is non volatile. The assumption that all of
the water at the outer surface of the GAC particle is
associated wit-h the biofilm may lead to an overestimation of
biofilm thickness.
4.3  Results and Discussion
A summary of the experimental conditions for each
in-situ biokinetic test is presented in Table 4.1. Test No 1
was conducted with a NOM mixture that had been stored at
4  C for 12 months before use. six months before ozonation
and another 6 months after ozonation (dosage 1 mg Oo/mg
TOC).  The results are shown in Figure 4.5.  The flux into
the biofilm is plotted vs. substrate concentration in the
biofilm. The substrate concentration in the biofilm was
calculated according to eq. 4.4. The mass transfer
coefficient, k,. was estimated with equation 2.6. through
2.9. to be 0.085 m/hr. A liquid diffusivity of NOM in water.
D,. of 7.2 10   m^/hr. which was determined experimentally
by Harrington. (1985), was used for the k, calculation.
Table 4.1
Summary of Feed Conditions for Blokinetic Tests
Test No
Experiment 3/28/89 4/27/89 5/24/89 8/18/89
NOM
Collection 4/1/88 4/1/88 3/1/87 6/1/89
Ozonation 9/15/88 3/23/89 3/23/89 7/18/89
CSTRs
in Series
Flux into Biofilm vs.  Biofilm  Substrate  Concentration
0.015 -1                                                                       Test  No   1
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Figure 4.5. Results of In-situ Rate Test No. 1: Flux into Biofilm vs. Substrate
Concentration in the Biofilm.
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Three straight lines with approximately the same slope
are observed.  If the NOM were a homogeneous substance, the
data from all three CSTRs would be described by one flux vs.
concentration curve.  The heterogeneity of NOM is,
therefore, demonstrated not only by the adsorption
breakthrough curves (Figures 3.3 through 3.10) and the HPSEC
result (Figures 3.21 through 3.23). but also by these
biokinetic experiments.
A similar trend was found in later experiments (Figures
4.6 through 4.8).  In Test No 2 a one year-old NOM mixture
was ozonated just one month before use (Table 4.1) rather
than six months.  The fluxes into the biofilm are higher in
Test No. 2 than in Test No. 1.  This may be explained by
shorter storage of the NOM solution after ozonation.  Ozone
treatment enhances microbiological activity even at 4 °C.
The readily biodegradable fractions of the NOM may have
already been biodegraded in the older solution at the time
experiments began.  The remaining NOM therefore would be
more difficult to degrade:  this would be reflected in the
lower fluxes into the biofilm observed.
The observed fluxes into the biofilm in Test No. 3 were
even higher than in the previous tests.  As before, a linear
relationship is observed with respect to the flux of
substrate Into the film vs. substrate biofilm concentration
for the CSTR (Figure 4.7).  The NOM used for this test was
Flux into Biofilm vs.  Biofilm  Substrate  Concentration










C^               a
^                     a    °                aDDDD CSTR   1
0                                                  AAAAA CSTR   2
0     A            s a                       00000 CSTR  3
n nnn
u.uuu n '                 1                 •                 1                 '                 1
^468
Biofilm Substrate Concentration (mg/l as TOC)                             1
Figure 4.6. Results of In-sltu Rate Test No. 2: Flux into Biofilm vs. Substrate
Concentration in the Biofilm.
Flux into  Biofilm vs.  Biofilm Substrate  Concentration
0.015 -1                                                                       Test No  31                                                                                                                                      «                                                                       1







Flux into 1              1 o DDoan CSTR  1
\J.U\J\J       1                               1                               1                               1                               1                               1                               1
2                                 4                                6                                8
Biofilm Substrate Concentration (mg/1 as TOC)
Figure 4.7. Results of In-sltu Rate Test No. 3: Flux into Biofilm vs. SubstrateConcentration in the Biofilm.
























Biofilm Substrate Concentration (mg/l as TOC)
Figure 4.8. Results of In-sltu Rate Test No. 4: Flux into Biofilm vs. Substrate
Concentration in the Biofilm.
97
collected at a different time than that used for Test Nos. 1
and 2. and was stored for 24 months before ozonation (Table
4.1).  Because the source of NOM was a natural lake, the
composition of the NOM may vary over time.  This difference
in NOM composition may explain the different behavior
observed in Test No. 3.
Flux into the biofilm are plotted vs. biofilm substrate
concentration for Test No. 4 in Figure 4.8.  These data are
different than found in previous tests. The most obvious
difference is that the same relationship exists between flux
into the biofilm and concentration for CSTR Nos. 1 and 2
where previous tests produced parallel linear traces.
However, as observed before, the flux - concentration
relationship for CSTR No. 3 was shifted to the left but
roughly parallel to that of CSTR No. 1 and 2.
The differences in results among Test No. 1 through 4
require further analysis. While linear relationships between
fluxes and concentrations were observed in Test No. 1 to 3,
this was not the case in Test No. 4. Thus. Test No. 4 did
not produce a first-order relationship. At lower
concentrations, a zero-order model may be more appropriate
whereas a first-order model may apply at higher substrate
concentrations. The shape of these curves in Test No. 4
might be exlained by simultaneous biodegradation occurring
of a multi component mixture as described under 4.1.2. and
shown graphically in Figure 4.8.
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Zero-order flux vs. concentration in Test No. 4. for CSTR
No. 3 is observed at a substrate concentration in the
biofilm of approximately less than 2.8 mg/1 TOC (Figure
4.8). The feed concentration of CSTR No. 3 was 3.5 mg/1 TOC.
A comparison with the results obtained with the hypothetical
mixture in Figure 4.1. suggests that the concentration of
the more readily biodegradable NOM fraction in the feed of
CSTR No. 3 was 0.7 mg/1 measured as TOC.
The data of CSTR Nos. 1 and 2 in Test No. 4 fall on one
curve. For CSTR No. 1 alone, a linear model could describe
the data. However, the data of CSTR Nos. 1 and 2 would not
follow a linear relationship. For lower concentrations than
4.5 mg/1 the slope of the flux-concentration curve
decreases. The fact that the data of CSTR Nos. 1 and 2 fall
on one line, suggest that a microbial comunity with similar
characteristics degrades the NOM fractions in both CSTRs.
The feed TOC into CSTR No. 1 was approximately 7.0 mg/1 and
that into CSTR No. 2. 4.8 mg/1. The concentration of the
apparently readily degradable NOM fraction decreased from
2.5 mg/1 in CSTR No. 1 to 0.3 mg/1 after CSTR No. 2.
One important difference between Test No. 4 and Test
Nos. 1 to 3 is the NOM used. The NOM solution used for Test
4 was freshly collected and was ozonated immediately before
the start of the test (Table 4.1).  This batch, therefore,
had undergone much less biodegradation before the experiment
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began than these used in Test Nos. 1 to 3. The presence of
more biodegradable NOM could explain the fact that the data
for CSTR Nos. 1 and 2 in Test No. 4 fall on one line.
The lack of unique relationship between the flux of
substrate into the biofilm and concentration found in
Figures 4.5 through 4.8 could be due to the heterogeneous
nature of NOM. It is reasonable to expect biodegradation to
vary for each of the NOM fractions.
A first order relationship was observed between the
uptake rate and substrate concentration for each CSTR in
Tests 1 through 3.  Although the three curves in each test
have approximately the same slope, a separate curve was
obtained for each CSTR.  In Test 4, however, the data for
CSTRs 1 and 2 fall on the same line.  In addition, the
shapes of the curves obtained in this run cannot be
explained by a simple first order model.
Table 4.2 compares the first order rate constants and
the biofilm thickness, determined in Test No. 4. for each of
the CSTRs in Tests 1 through 4 with values found in the
literature (Rlttmann et al. 1986).  The biokinetic rate
constants in each of the reactors (CSTRs 1 through 3) are
nearly the same and are consistent with the values found for
fixed film systems in the literature.  However, a projection
of these relationships (Figures 4.5 through 4.8) shows that
no uptake will occur at some positive value of TOC.  If the
Table 4.2





















Rittmann  et   al (1986) 2.3 10* - 3.9 10' M
) First order rate constants for salicylate metabolisms
under oligotrophic conditions; inocula used from
different sources.
101
NOM were completely biodegradable, the uptake rate would
only reach zero when no substrate is present.  One possible
explanation is that the microbial community cannot degrade a
certain fraction of this feed, or degrades it very slowly.
The amount of TOC representing this fraction appears to
change in each CSTR, suggesting that the microorganisms
adapt to each specific mixture of NOM fractions found at a
given position along a GAC column (represented here by the
three CSTRs in series).  Thus, the results in Figure 4.5 for
CSTR No. 1 imply nearly 6 mg/1 as non-biodegradable whereas
those for CSTR No. 3 imply only 4.5 mg/1 TOC.  Although
impossible to prove from the data collected, a change in
concentration may result in an adjustment in the microbial
community to allow for further biodegradatlon such that the
truly "non-biodegradable" fraction is difficult to
determine.  This is particularly emphasized by the results
from Test No. 4 where the slope of the curve decreases at
lower substrate concentrations, which indicates metabolism
of a different fraction at this concentration range (Figure
4-8) .
Figures 4.5 through 4.8 indicate that the maximum TOC
fluxes into the blofllm observed in all three CSTRs In all
tests are about the same, even though these fluxes are
achieved with lower TOC concentrations In each subsequent
reactor (due to the removal of some fractions of NOM in the
previous CSTR).  A simple prediction of the TOC removal in
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each CSTR, using a first order rate constant, would
therefore underestimate the total TOC removal achieved,
CHAPTER 5. IN SITU TECHNIQUE TO DETERMINE THE BIONASS
CONCENTRATION USING ^*P UPTAKE RATES
5.1  Background
Standard techniques used to measure biofilm thickness
(L-) involve removing the bacteria from the surface or using
overall surrogate parameters such as evaporated water after
a drying process.  An alternative method of determining L.,
which overcomes drawbacks associated with these techniques,
is to measure the in situ biomass in the reactor.  An
in-situ measurement of cell concentration has the advantage
of being able to determine the biokinetic parameters without
the need of additional experiments.
An attempt was made in this research to determine the
biomass in the BAG reactor by an in-situ measurement. The
hypothesis was that the uptake rate of radiolabeled
phosphorus. ^^P. should be proportional to biomass. This
seems reasonable because every organism requires phosphorus
for growth (Grady & Lim, 1980).
The implication for in-situ determination of biomass is
appreciated from re-examination of the substrate flux
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equation derived by Atkinson for a fully penetrated biofilm:
J = fi    X- L- —^——-=-- 5.1'^max  f  f  K  + S
s    s
where
X-.   =  the cell concentration in the biofilm
Li    = the maximum specific growth rate of the
eel 1 .
In Equation 4.1, u     and X« were combined to give^ '^max       f °
V    = u    X.. This means that V    incorporates not onlymax  max  f max
the characteristics of the microbial culture (u   ) but also' ͣ'^max-'
the cell concentration in the biofilm (X-). In equation 5.1,
however, n is determined independently of X-.'^max *^     f
Assuming that the phosphorus uptake rate is
proportional to the amount of cells present in the system
gives:
,32p
a X, L. 5.2dt   " "f "'f
and letting P = d^^P/dt provides a method of calculating
substrate flux from Equation 5.1:
^  = f^max P -T-tV 5.3
s    s
The specific growth rate of the microbial community and
the half-saturation coefficient, K , can be determined with
s
the experimental procedure described in Chapter 4.
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5.2 Experinental Methods
5.2.1 Batch ^^P Uptake Test
Initial rate tests were conducted to demonstrate a
relationship between ^^P uptake rates and cell
concentrations. The initial uptake rate of ^^P was
determined as a function of initial cell concentrations in a
batch suspended-growth systems. The initial cell
concentration was varied by adding different amounts of
stock solution to a batch solution (120 ml) containing
7 mg/1 TOC. nutrients and buffer. A control contained the
solution without addition of cells. The cell stock was
cultured in 400 ml of ozonated Lake Drumond water which had
been stored with sufficient nutrient salts in a dark place
at room temperature for four months.
The batch rate tests were initiated by spiking each of
the flasks a constant amount of ^^P (KH^^^PO., Amersham,
Arlington Heights, Illinois) to produce an activity of
approximately 6000 dpm/ml. Samples (5 ml) were taken every
30 mln. filtered through a 0.2 jim nuclepore filter, and
added to a scintillation vial with 5 ml of sterile distilled
deionized water. The radioactivity of the solution was
measured without additional scintillation cocktail in a
liquid scintillation counter (Packard Tri-Carb 300 CD).
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Samples (5 ml) were taken every hour from each flask
for bacterial counts (total cell concentration). The stock
was sampled as well.  Samples were preserved with formalin
(final concentration 2 %) and stored at 4 °C until analysis.
Total cell concentrations were determined using a
modified Acridine Orange Direct Count (AODC) procedure
(Hobble et al, 1977). Serial dilutions of a sample were
prepared in triplicate and treated with Acridine Orange
stain (final concentration 0.01 %). Each dilution was
filtered through a 0.2 nm  nuclepore filter that was soaked
with Iragalan Black. The filter was then viewed through a
Leitz Ortholux II epifluorescent microscope, equipped with a
50 Watt A.C. mercury source, under 1250x  magnification. Two
hundred bacteria in ten to fifteen fields were counted per
triplicate sample.
5.2.2 ^^P Uptake Rate Tests in Biofilm CSTRs
A schematic of the experimental procedure to measure
^^P uptake rates in the CSTR is outlined in Figure 5.1.
These CSTRs are the same bioactive GAC elements used in
experiments presented in Chapter 4. Two types of ^^P uptake
tests were tried. In one test (Figure 5.1. Rate No. 3). CSTR
Nos. 1 to 3 were operated in series until steady-state
biodegradation was achieved after which each was fed with
(start)
Collect Feed,
Switch to Parallel Configuration
Feed to
CSTR  1 to 3: Collected Feeds + 32P(*)
CSTR Control: Buffer, Nutrients, NaN3(") +    32P(*
For 12 hrs
Feed toallCSTRs
32P, Nutrients and Buffer
For 1 hrs
Feed to
CSTR  1 to 3: Collected Feeds + 32Pn
CSTR Control: Buffer, Nutrients, NaN3(") +    32P(*)
For 4 hrs
Are
eed Solutions  for
Additional Rate Tests
Available?
Switch to Senes Configuration
(*) Added in Rate 4 and 5
(•*) Omitted in   Rate 5
CSD
Figure 5.1. Flowdiagram for 32P-Uptal<e-Rate Experiment
108
its respective feed collected from the series configuration
as explained in Chapter 4.
Since the growth rates of micoorganisms are a function
of cells in the system and the substrate concentration,
sterile distilled deionized water with nutrients and ^ P
(3000 dpm/ml) was fed to all the CSTRs for 60 minutes
(Figure 5.1), The substrate concentration, therefore, was
equal in each of the reactors during this 60 minutes so that
the uptake rate of ^^P became only a function of cells in
the reactors.
Sterile distilled deionized "water, containing nutrients
and 100 mg/1 sodium azide (NaN_) to inhibit microbial
activity, was fed to a virgin presteri1ized (20 psi and 120
°C for 30 min) GAC reactor for 12 hours serving as a
control, to account for ^^P uptake due to non-metabolic
processes.
An alternative experimental approach was tried to
eliminate the confounding effect of ^^P adsorption on GAC.
which could be incorrectly interpreted as biological uptake.
Before beginning the ^^P uptake rate test, ^^P was fed to
the CSTRs for 12 hours to pre-sorb ^^P onto the GAC, Initial
mixing effects between ^^P and ^^P and eventual adsorption
of   P on the carbon surface should have been minimized by
using this approach (Figure 5.1. Rate Nos. 4 and 5).
The rate of   P uptake by attached biomass was measured
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by collecting samples of effluent from each CSTR and
analyzing then for ^ P.  The sampling interval selected was
7 min in both experiments described above. Samples were
filtered and analyzed for their radioactivity in aqueous
solution.
5.2.3 Effect of ^^P Adsorption on GAC
A two-point adsorption isotherm was constructed to
determine the adsorbabi11ty of ^^P on GAC. Two different
dosages of PAC (200 to 325 mesh, Calgon Corp. Pittsburgh.
PA) were added to two bottles that contained 50 ml of NOM
solution {7 mg/1 TOC and nutrients) to which ^^P as KHgPO.
was added (C  = 5500 dpm/ml). The bottles were capped,
agitated for one hour, and stored for four days at 4 °C   to
inhibit microbial degradation. During storage the bottles
were periodically shaken (twice a day). At the end of the
experiment, triplicates of 5 ml supernatant were filtered
through a 0.45 /im nuclepore filter and analyzed for their
remaining radioactivity.
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5.3  Results and Discussion
5.3.1 ''^P Batch Uptake Rate Tests
Results from Initial rate tests Rate No. 1 and Rate No.
2 are presented in Figure 5.2.  The ^^P uptake rate is
plotted as a function of initial cell concentration.  Two
different batches of NOM solution were used for Rate No.1
and Rate No. 2.  This made direct comparison of two
experiments impossble.  For Rate No. 1 the NOM material was
stored for approximately six months while storage was 18
months for Rate No. 2 before ozonation.  Both NOM batches
were stored after ozonation for three months prior to use.
As presented in Figure 5.2 the absolute value of the
initial ^^P uptake rate Increases with an increase in
initial cell concentration.  A linear relationship is
observed between the ^^P uptake rate and initial cell
concentration in the range of initial cell concentrations
tested.
The differences in slope between the uptake rate curves
obtained in Rate Nos. 1 and 2 may be explained by the
different NOM mixtures used.  The scatter in the data from
Rate No. 1 may indicate that the AODC method of cell
counting is not sufficiently sensitive at low cell
concentrations.  Statistical error in determining the
32
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initial cell concentration by AODCs could be reduced by
increasing the number of replicate counts and by increasing
the sample volume.  This would improve the reliability of
the ^^P uptake rate test at low cell densities. At low cell
concentrations the ratio of   P to   P should be increased
so that an ^^P uptake can be measured  Cell concentrations
7in water treatment blofilm systems are in the range of 10
9
cells/ml, and 10  cells per ml in wastewater applications
(Latosefe & Benedek,   1979).  The inaccuracy of the ^^P uptake
rate test at lower biomass concentrations would, therefore,
have minimal effect in such systems.
The results received in the ^^P batch uptake rate test
suggested that the ^^P uptake rate may be used as a
surrogate parameter to determine the biomass concentrations
in flow through systems.
5.3.2 ^^P Uptake Rates in Blofilm CSTRs
The feed conditions used in Rate Nos. 3 to 5 are
summarized in Table 5.1.  Rate No. 3 was conducted without
pre-sorption of ^^P whereas Rate Nos. 4 and 5 were conducted
after ^^P was fed for 12 hours. Rate No. 3 consists of three
replicate experiments shown in Figures 5.3 through 5.5 where
effluent ^^P activity from three biologically active CSTRs
at steady-state and the non-bioactive control are plotted
Table 5.1
32Feed Conditions for "P Uptake Rate Tests in CSTRs
Rate No 3 4 5
Control Feed  M
NaNg (g/1) 0. 1 0.325 no
^^P (cpm/ml) 6000 537 7366
Nutrients, Buffer &
steril DDI K^O yes yes yes










Rate Test Feed  ^)
^^P (cpm/ml) 6000
Nutrients. Buffer &





) Fed for 12 hrs before the ^^P uptake rate test was
started
^) Fed for 1 hr to all the CSTRs (bioactive and control)







^      -
a.
^   0.25 -
ooooo Control
DaDDD CSTR  1
AAAAA CSTR  2
OOOOO CSTR 3
A
A         0
A        0      a
a
A
-      0      '





,             S       o       °       °
o       o       o          o
p                   '                   1






Figure 5.3. Relative ^^P Activity vs. Time for Rate No. 3.1
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over time in each figure.  Three replicate ^^P rate tests
were made by feeding NOM feed for four hours before re¬
introducing the steril deionized water, which contained
nutrients, buffer solution and ^^P, for another uptake rate
measurement (Figure 5.1); the four hour period was
sufficient to reach steady-state.
The concentration of   P in the effluent of each
reactor increases continuously with time.  The slowest
Increase of effluent ^^P is observed in the control column.
If no reaction occurs in the CSTR, as would be expected in
the control, the concentration of ^^P should reach steady
state in less than 30 minutes (calculated for the control
CSTR residence time).  However, steady state was not reached
even after 60 minutes, as indicated by the increasing
effluent concentration.
The effluent ^^P concentration is higher from CSTR No.
2 than from CSTRs 1 and 3 (see Figure 5.3).  Effluent from
CSTR No. 1 is the lowest of the three.  This implies that
the uptake rate of ^^P was highest in CSTR No. 1 and lowest
in CSTR No. 2. indicating in turn that the cell
concentration is highest in CSTR No. 1, second highest in
CSTR No. 3. and lowest in CSTR No. 2.
While the ordering of ^^P uptake for the CSTRs may be
intuitively reasonable, a problem arose in interpreting the
results of the abiotic control CSTR. The uptake rate of   P
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higher in the control than any of the other three CSTRs.
More than 80 % of the applied radioactivity was taken up
during the first hour in the control for all tree replicates
of the uptake test. Adsorption of ^^P on GAC may explain
this result. The nutrient solution (along with buffer and
sodium azide), which was fed to the control CSTR prior
introduction of ^^P, contained unlabled ^^P. One possibility
is that ^^P adsorbed onto GAC and was replaced by
equilibration with ^^P at initiation of the uptake rate
test.  An initial uptake of ^^P caused by this phenomenon is
expected in all of the GAC reactars.  The ^^P was applied as
KH^^PO.. i.e.. as a phosphate ion ^^PO.  .  Since the GAC
surface is predominantly negatively charged, adsorption of
^^PO.   was expected to be of minor significance; apparently
this was not the case. The biofllm establishment might have
limited the adsorption capacity of the GAC for the
phosphorus. Therefore, the observed ^^P uptake due to
adsorption was less in these reactors than in the control
CSTR.
Rate Nos. 4 and 5 were conducted after preequitibrating
the GAC with ^^P (Figure 5.1.). The intent was to eliminate
^P uptake due to adsorption. The results of three replicate
^P rate tests are given in Figure 5.6 to 5.8 for Rate No. 4
and of two replicates in Figure 5.9 and 5.10 for Rate No. 5.
At the start of the uptake test (t = 0) the effluent ^^P
concentration was equal to the feed, because the column
•
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Figure 5.9. Relative  ^P Activity vs. Time for Rate No. 5.1





















Figure 5.10. Relative ^^P Activity vs. Time for Rate No. 5.2.
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had been saturated with ^^P.  No further uptake of ^^P was
expected in the abiotic control. However, the ^^P
concentration decreased significantly in the control.  The
one change to the feed to the control CSTR at the start of
the experiment was that sodium azide (NaN_) was no longer
present (NaN„ had been added to the "stabilization feed" to
inhibit microbial growth;  see Table 5.1).  Thus, it may be
possible that NaN_ desorbed from the GAG surface making
sorption sites available for ^^P.  Although the adsorption
of inorganic compounds is considered to be of minor
importance, the short term effects are significant as
demonstrated in these two sets of experiments.
The effluent ^^P concentration was again lowest from
CSTR No. 1 (Figure 5.6 through 5.10). followed by CSTR No. 3
and finally by CSTR No. 2.  However, the differences between
^^P effluent concentration from the three CSTRs is very
small.  Differences in ^^P uptake rates reflected by these
small variations in effluent ^^P concentration may not be
sufficient to validate any conclusions that the biomass
concentrations are different among the three reactors.
An attempt was made in Rate No. 5 to eliminate the
competitive adsorption effects of NaN» and ^^P.  Sodium
azide was eliminated from the control feed completely:
thus, the feed for the control was unchanged between the
stabilization period and the onset of the uptake rate test.
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Special care for sterile conditions should have prevented
significant biological activity in the control reactor.  At
t = 0 the bioactive CSTRs received the control feed for a
period of 60 minutes.  The results are shown in Figure 5.9
and  5.10.  After the pre-equi1Ibration period (i.e., at
t = 0) the control CSTR exhibited a ^^P removal of 10 %
(Figure 5.9 to 5.10).  Unfortunately, the activity of the
solution fed to the bioactive CSTRs during the stabilization
period was not' the same as in the test feed.  A steady state
^^P removal of 30 % is observed in the bioactive CSTRs after
stabilization, before switching to the test feed.  After
switching to the test feed, the removal of ^^P in the
bioactive CSTRs decreased to 11 % (due to the change in
activity of the feed) but the effluent concentration of   P
remained constant or increased slightly.
The removal of ^^P for the first 30 minutes of this
test was slightly higher in the bioactive CSTRs than in the
control.  After t = 30 minutes, the concentrations were
equal.  The uptake of ^^P due to biological activity in the
bioactive CSTRs decreased at this point because no carbon
source was available as substrate.  Thus, phosphorus was no
longer needed for growth.
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5.3.3 Adsorption of ^'^P on GAC
The effect of phosphorus adsorption (in the form of
^^PO.  ) on GAC was quantified by measuring two points on an
adsorption isotherm.  PAC was added to 50 ml of sterile
distilled deionized water with nutrients and trace KHp^^PO,,
shaken periodically twice a day and equilibrated for four
days at 4 °C to inhibit microbial activity.  The results are
shown in Figure 5.11.
Assuming that these two data points are representative
of the entire isotherm, and using the Freundlich model to
describe the H^PO.   adsorption equilibrium, a calculated
fi —
1.8 X 10  dpm (3.5 mg H^PO. ) would adsorb on the GAC bed in
the experimental CSTR.  At a flowrate of 2 1/day, the
3-
adsorptive capacity for PC,  should be exhausted after 10 to
12 hours of operation.
The observed adsorption phenomenon interferes with the
evaluation of the in-situ ^^P uptake test.  A change in the
feed activity will reflect an adsorption or desorption
process until equilibrium is reached between the sorbed and
dissolved phases.  The time required to reestablish
adsorption equilibrium after a small change in feed
concentration is approximately equal to the duration of the
in situ biomass determination experiment.  The uptake rate
observed is therefore highly influenced by the adsorption of
Adsorption Equilibrium of H2PO4    on GAC
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Figure  5.11.   Adsorption  of   H^PO.     on GAC
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HgPO.  .  The test is further complicated by possible
differences in the adsorption capacity of each CSTR, caused
by different biofilm coverage on the GAC surface.
5.4  Summary
A proportional relationship was observed between the
phosphorus uptake rate and the initial cell concentration in
suspended growth batch tests.
Even though adsorption of inorganic compounds is
considered to be negligible due to the low capacity,
adsorption of phosphorus on GAC complicates the in-situ
biomass measurement to a great extent.  Presaturating the
GAC with radioactive label was found to improve the results
of the test.  Competitive adsorption of sodium azide and
phosphorus was observed in the control column.  Without a
dependable control, it is difficult to prove that phosphorus
uptake in the fixed film CSTRs was due to biological
activi ty.
The phosphorus uptake rate technique for determining
biomass concentration involves less experimental effort than
comparable removal procedures which determine the biomass
concentration after the column experiments are complete.
Since the phosphorus uptake rate is a surrogate parameter,
as is ATP consumption and evaporated water at the outer GAC
surface, more research is needed to calibrate the P-uptake
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rate against known biomass concentrations in fixed film
reactors.  More research is also needed to Improve the
experimental protocol with regards to quantifying the
adsorptive behaviour of phosphorus, and eliminating
competitive adsorption effects in a non-bioactive control.
The short half-life of "^P (14.3 days) and the
relatively high cost of the label will limit the application
of this method.
6. CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
1. The experimental design consisting of three CSTRs in
series was able to simulate one bed BAG column
performance
2. Filamentous organisms and extracellular polymers appear
to be the major constituents of a biofilm growing on
ozonated NOM (TOG 7 mg/1) on GAG.
3. The biofilm shearing occurred periodically; rather large
portions of biomass left the reactor at a time.
4. The laboratory set-up allowed investigation of
biokinetics at different positions along a GAG bed.
5. The estimated first order rate constants are similar in
each GSTR and are comparable with values found in the
literature.
6. The results found in the biokinetic tests suggest that
NOM consists of fractions with different
biodegradabi1ity. The NOM composition changes while
passing through a BAG column
7. The substrate uptake rates are of the same order in each
GSTR. Biodegradation occurring at the end of the GAG bed
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could be as important as at the top of the bed. The
experiments suggest that microbial communities are able
to adapt and maximize their metabolic rates when exposed
to a complex substrate represented in this instance by
ozonated NOM.
8. In-sltu determinations of biomass in a fixed film system
by ^ P uptake rates were interfered by adsorption
processes of the radioactive label on GAC.
6.2 Recommendations
1. The experimental set-up of CSTRs in series should be used
at different EBCT so that biokinetic tests on different
NOM compositions, could be conducted.
2. HPSEC or HPLC analysis seems to be a useful measurement
to quantify the fate of NOM through BAC treatment. The
location in a GAC column where the NOM fraction is
biodegraded could be determined in this fashion.
3. The interaction of a NOM and micropollutant mixture in a
fixed bed could be examined with regard to biodegradation
kinetics of the components.
4. The method of the in-situ biokinetic test needs to be
refined so that the scatter in the data could be reduced




Amy. G. L.. Chadik, P.A.. Chowdhary. Z. K., "Developing
Models for Predicting Trihalomethane Formation Potential and
Kinetics". JAWWA. Vol. 79. No. 7. pp 89. 1987.
Amy, G.L., Kuo, C.J., Slerka, R.A.. "Ozonation of Humic
Substances: Effects on Molecular Weight Distribution of
Organic Carbon and Trihalomethane Formation Potential",
Ozone Science & Engineering, Vol. 20. pp. 39. 1988.
Atkinson, B..and Davies, I. J., "The overall Rate of
Substrate Uptake (reaction) by Microbial Films. Part I. a.
Biological Rate Equation," Transactions, Institution of
Chemical Engineers, Vol. 52. London, England, p. 248. 1974.
Bakke, M.G., Robinson. J.A., Characklis, W.G., "Activity of
Pseudomonas aeruginosa in Biofilms: Steady State",
Biotechnology and Bioengineering. Vol. 26. pp. 1418, 1984.
Becher. G., Carlberg, G. E.. GJessing, E. T., Hongslo, J.
K., Monarca. S.."High - Performance Size Excusion
Chromatography of Chloinated Natural Humic Water and
Mutagenicity Studies Using the Microscale Fluctuation
Assay," Envir. Sci. Technol.. Vol. 19. No. 5. 1985.
Benedek, A.. Bansci. J.J., Malaiyandi, M., Lancaster. E.A.,
"The Effect of Ozone on the Biological Degradation and
Activated Carbon Adsorption of Natural and Synthetic
Organics in Water; Part II: Adsorption", Ozone: Science and
Engineering. Vol. 1. pp. 347, 1979.
Benedek, A., "Simultaneous Biodegradation and Activated
Carbon Adsorption - A Mechanistic Look." In Activated Carbon
Adsorption of Organics from Aqueous Phase. Vol. II. McGuire
and Suffet, eds.. Ann Arbor Sciience Publishers, 1980.
Bird. B. R., Stewart. W. E., Lightfood. E. N.. Transport
Phenomena. 1960, John Wiley & Sons, New York.
Bone. T.L., Balkwill. D.L.. "Improved Flotation Technique
for Microscopy of In Situ Soil and Sediment Microorganisms",
Applied and Environmental Microbiology, Vol. 51. No. 3. pp
462. 1986.
Bouwer. E. J., and Crowe, P. B.."Biological Processes in
Drinking Water Treatment." JAWWA. Vol. 80. No. 9. pp. 82.
1988.
Breyers. J.D.. Characklis. W.G.. "Processes Covering Primary
Biofilm Formation", Biotechnology and Bioengineering, Vol.
24, pp. 2451, 1982.
133
Camper. A.K.. Lechavallier. M.W., Broadaway, S.C, McFeters,
G.A., "Evaluation of Procedures to Desorb Bacteria from
Granular Activated Carbon". J. of Microbial Methods. Vol. 3.
pp. 187. 1985.
Camper, A.K.. Lechaval1ier. M.W., Broadaway. S.C. McFeters,
G.A., "Growth and Persistence of Pathogens on Granular
Activated Carbon Filters". Applied and Environmental
Microbiology. Vol. 50. No. 6. pp. 1378. 1985.
Chang, H.T., "Mathematical Modeling and Scanning Electron
Microscopic Study of Biofilm on Adsorptlve Media". PhD
dissertation at the University of Illinois. Urbana.
Illinois. 1985.
Chang. H.T. Rittmann. B.E., "Mathematical Modeling of
Biofilm on Activated Carbon", Environ. Science & Techn.,
Vol. 21. pp. 273, 1987.
Characklis, W. G.. "Attached Microbial Growths - I.
Attachment and Growth", Water Research. Vol. 7. pp. 1113.
1973.
Characklis, W. G., "Biofilm Development: A Process
Analysis." In Microbial Adhesion and Aggregation, K. C.
Marshall, ed. Dahlem Konferenz, Berlin, Heidelberg, New
York. Tokyo: Springer Verlag, pp. 137 - 157, 1984.
Chiou, C.T., Macolm. R.L.. Brinton. T.I.. Kile. D.E.. "Water
Solubility Enhancement of Some Organic Pollutants and
Pesticides by Dissolved Humlc and Fulvic Acids",
Environmental Sciences and Technology, Vol. 20. No. 5. 1986.
Crittenden. J.C., Weber, W.J. Jr., "Predictive Model for
Design of Fixed-Bed Adsorbers: Single-Component Model
Verification", J. Environ. Eng. Div. 104, Nr. EE3. pp. 433.
1978.
Den Blanken, J.G., "Microbial Activity in Activated Carbon
Filters", J. Environ. Engineering Div., Vol. 108. No. EE2.
April 1982.
DeWaters, J. E., "Biological Activity on Granular Activated
Carbon in the Presence of Ozonated Naturally Ocurring Humic
Substances," Master's Thesis. University of North Carolina
at Chapel Hill. 1987
DeWaters, J.E., DiGiano, F.A.. "The Influence of Ozonated
Natural Organic Matter on Biodegradation of a Micropollutant
in a Granular Activated Carbon Bed", JAWWA, in press. 1989.
DiGiano, F. A., "Influence of Biological Activity on GAC
Performance", Proc. Conf. on Application of Adsorption in
Wastewater Treatment, Eckenfelder, W. W.. ed.. Environ.
Press, Nashville, Tenn., 1981.
ryi
134
DiGiano, F.A., "Removal of Organic Contaminants in Drinking
Water by Adsorption", Organic Carcinogens in Drinking Water.
N.M. Ram, E. Calabrese, R.F. Christman, eds., John Wiley &
Sons. 1986.
Dobbins, D. C., Pfaender. F. K. , Methodology for Assessing
Respiration and Cellular Incorporatio of Radiolabeled
Substrates by Soil Communitites", Microbial Ecology, in
press. 1988.
Dowbiggin. W.B., Singer, P.C, "Effects of Natural Organic
Matter and Calcium on Ozone-Induced Particle
Destabilization". JAWWA, Vol. 81. No. 6. pp. 77. 1989.
Dunham. C, Personal Communication, 1989.
Eberhardt. M.. Madson. S.. Sontheimer, H., Investigations of
the Use of Biologically Effective Activated Carbon Filters
in the Processing Drinking Water, EPA-TR-77-503, 1977.
El-Rahaili. A.M., Weber. W.J.Jr.."The Effects of Humic Acid
Separation on Adsorption and Trihalomethane Formation
Potential", Proceedings of Annual Conference AWWA 1986. pp.
1467, 1986.
Fettig, J., "Zur Kinetik der Adsorptio organischer
Substanzgemische aus wa^rigen Lbsungen an Aktivkohle",
Publication No. 27. Department of Water Chemistry. Engler
Bunte Institut, University of Karlsruhe, Karlsruhe, FRG.
1985
Gantzer, C.J., Rittmann, B.E., Herricks, E.E., "Mass
Transport of Streamed Biofilms", Water Research, Vol. 22.
No. 6. pp. 709. 1988a.
Gantzer. C.J., Kollig. H.P.. Rittmann. B.E., Lewis. D.L..
"Predicting the Rate of Trace-Organic Compounds Removal by
Natural Biofilms", Water Research, Vol. 22. No. 2. pp. 191,
1988b.    •
Gantzer, C.J., "Inhibitory Substrate Utilization by Steady
State Biofilms", Journal of Environmental Engineering. Vol.
115. No. 2. pp. 302, 1989.
Gilbert, E., "Biodegradability of Ozonation Products as a
Function of COD and DOC Elimination by the Example of Humic
Acids", Water Research, Vol. 22. No. 1. pp. 123, 1988.
Glaze, W.H., Lin, C.C., Crittenden, J.C., Cotton, R.,
"Adsorption and Microbiological Mechanisms for Removal of
Natural Organics in Granular Activated Carbon Columns",
Ozone Science & Engineering, Vol. 8. pp. 299. 1986.
135
Gnielinski. V.. "Gleichungen zur Berechnung des Warme- und
Stoffaustauschers in durchstrbmten ruhenden Kugelschuttungen
bei mittleren und grossen Pecletzahlen", Verfahrens Technik.
Vol. 12. No. 6. pp. 363. 1978.
Gnielinski, V.. "Berechnung mittlerer Warme- und
Stofftibertragungskoeffizienten bei laminar und turbulent
viberstrbmten Einzelkbrpern mit Hilfe einer einhei 11 ichen
Gleichung", Forschung Ingenieurwesen. Vol. 41. No. 5. pp.
145. 1975.
Grady. C.P.. Llm, H.C.. Biological Wasterwater Treatment.
Pollution Engineering and Technology. No. 12. Mural Dekker.
INC. New York. 1980.
Graese, S.L., Snoeyink, V.L., Lee. R.G.. "Granular Activated
Carbon Filter Adsorber Systems". JAWWA. Vol. 79. No. 12. pp.
64. 1987.
Harrington. G.W., DiGiano, F.A.."Adsorption Equilibria of
Natural Organic Matter after Ozonation". JAWWA. Vol. 81. No.
6. pp. 93. 1989
Harrington. G. W.."The Effects of Coagulation, Ozonation,
and Bio-degradation on Activated Carbon Adsorption of
Aquatic Humic Subs-tances." Master's Thesis. University of
North Carolina at Chapel Hill. 1987
Herson. D.S.. McGonigle. B., Payer, M.A., Baker. K.H.,
"Attachment as a Factor in the Protection of Enterobacter
cloacae from Chlorination", Applied and Environmental
Microbiology. Vol. 33. No. 5. pp. 1225. 1987.
Hobbie. et al. "Use of Nucleopore Filters foe Counting
Bacteria by Flourescence Microscopy". Applied & Environ.
Microbiology. Vol. 33. pp 1225. 1977.
Hubele. C.. Sonthelmer. H., "Adsorption and Biodegradation
in Activated Carbon Filters Treating Preozonated Humic Acid.
In Proceedings of the 1984 ASCE Specialtv Conference in
Environmental Engineering. M. Pirbazari and J.S. Devinny.
eds.. pp. 376. 1984
Hubele. C.. "Adsorption und biologischer Abbau von
Huminstaoffen in Aktivkohlefi1 tern".Publication No. 27,
Department of Water Chemistry, Engler Bunte Institut,
University of Karlsruhe, Karlsruhe, FRG. 1985
Jacangelo. J.G., Pakania, N.L., Reagan, K.M.. Aieta. E.M..
Krasner. S.W.. McGuire. M.J.. "Ozonation: Assessing Its Role
in the Formation and Control of Disinfection By-products",
JAWWA, Vol. 81. No. 8. 1989.
136
Jekel. M.. "Experience with Biological Activated Carbon
Filters". Oxidation Techniques in Drinking Water Treatment,
W. Kuhn. H. Sontheimer, eds.. EPA 570/9-79-020, 1979.
Jekel, M.. "Biological Treatment of Surface Waters in
Activated Carbon Filters." KIWA and Engler Bunte Inst. Joint
Mtg., Karlsruhe. FRG, 1977.
Jennings, P. A.. "A Mathematical Model for Biological
Activity in Expanded-Bed Adsorption Columns". PhD
dissertation. Dept. of Civil Engineering, University of
Illinois. Urbana. II. 1975.
Kaastrup, E., Halmo, M.T., "Removal of Aquatic Humus by
Ozonation and Activated-Carbon Adsorption", Aquatic Humic
Substances. I.H.Suffet. P.MacCarthy. eds.. Advances in
Chemistry Series No. 219, American Chemical Society, 1987.
Knuutinen. J.. Virkki. L.. Mannila. P.. Mikkelson. P.,
Pausivirta. J., Herve, S., "High-Performance Liquid
Chromatographic Study of Dissolved Organic Matter in Natural
Waters", Water Research, Vol. 22. No. 8. pp. 985, 1988.
Kool, H.J., Van Kreijl. C.F.. "Formation and Removal of
Mutagenic Activity During Drinking Water Preparation". Water
Research. Vol. 18. No. 8. pp. 1011. 1984.
Krasner. S. W., McGuire, M. J., Jacangelo, J. G., Patania,
N. L., Reagan. K. M.. Aieta. M. E, "The Occurrence of
Disinfection By-Products in US Drinking Water". JAWWA. Vol.
81. No. 8. pp. 41. 1989.
Latosek. A., and Benedek. A.. "Some Aspects of the
Microbiology of Activated Carbon Columns Treating Domestic
Wastewater". Environ. Sci. 8iTechnol.. Vol. 13. No. 10, pp.
1285, 1979.
Lee, M.C., Snoeyink, V.L., Crittenden. J.C.."Activated
Carbon Adsorption of Humic Substances". JAWWA. Vol. 73. pp.
440. 1981.
Levenspiel. 0.. "Chemical Reaction Engineering". John Wiley
& Sons. New York. 1972.
Li. A.Y.L.. DiGiano. F.A.. "Availability of Sorbed Substrate
for Microbial Degradation on Granular Activated Carbon".
JWPCF, Vol. 55. No. 4. pp. 392. 1983.
Lykins. B.W. Jr.. Clark. R.M.. Adams. J.Q., Grnular
Activated Carbon for Controlling THMs", JAWWA, No. 5. pp.
88. 1988.
Maloney. S.W.. Suffet. I.H.. Bankroft. K. King. H.M..
"Ozone-GAC Following Conventional U.S. Drinking Water
Treatment", JAWWA. Vol. 77. No. 8. pp.66. 1985.
137
Matin, A.. Veldkamp. H., "Physiological Basis of Selective
Advantage of Spirillum sp. in a Carbon-Limited Environment",
J. General Microbiology. Vol. 105. pp. 187, 1978.
Marshall, K. C, Interphases in Microbial Ecology. Harvard
University Press, Cambridge Massachusetts. 1976.
McCarty, P.L., "Phosphorus and Nitrogen Removal by
Biological Systems", in Proceedings of Wastewater
Reclamation and Reuse Workshop. Lake Tahoe. California, pp.
226. June 1970.
McCarty. P. L.. Rittmann. B. E.. Reinhard, M.,"Trace
Organics in Groundwater", Environ. Sci. & Technol., Vol. 15.
No. 40. 1981
McGuire, M. J.. "Preparing for the Disinfection By-products
Rule: A Water Industry Status Report". JAWWA. Vol. 81. No.
8, pp. 35. 1989.
Montgomery. J.M., Consulting Engineers  Inc., Water
Treatment Principles and Design. John Wiley &  Sons, New
York. 1985.
Namkung. E., Rittmann. B.E.. "Soluble Microbial Products
(SMP) Formation Kinetics by Biofilms", Water Research. Vol.
20, pp.795, 1986.
Namkung, E., Rittmann, B.E., "Removal of Taste- and
Odor-Causing Compounds by Biofilm Grown on Humic
Substances", JAWWA, Vol. 79. No. 7. pp. 107. 1987a.
Namkung, E.. Rittmann. B.E.. " Evaluation of Bisubstrate
Scondary Utilization Kinetics by Biofilms", Biotechnology
and Bioengineering, Vol. 29. No. 3. pp. 335. 1987b.
Pedit. J. A., Personal Communication. "Model to describe
simultaneous adsorption and biodegradation of a multi solute
mixture in a completely mixed reactor", 1989a.
Pedit. J.A.. Personal Commmunication. "Model to describe
adsorption of one solute in three CSTRs in series". 1989b.
Perry, R., Green, D.. Perrv's Chemical Engineers' Handbook.
6th ed.. 1984. McGraw-Hill Inc.
Poindexter, J. S., "Oligotrophy: Fast and Famine Existence".
Advances in Microbiolial Ecologv. M. Alexander, ed.. Vol. 5,
pp. 63. Plenum Press. New York. 1981.
Reinhard. M.. "Molecular Weiight Distribution of Dissolved
Organic Carbon and Dissolved Organic Halogen in Advanced
Treated Wastewater". Environ. Science & Techn.. Vol. 18. pp.
410. 1984.
138
Richards. S.R.. Turner. R.J., "A Comparative Study of
Techniques for Examination of Biofilms by Scanning Electron
Microsopy". Water Research. Vol. 18. pp. 767. 1984.
Rittmann. B. E.. McCarty, P. E.
Steady-State-Blof11m Kinetics".
Bioengineering. Vol. 22. No. 11














Rittmann, B. E., and Snoeyink, V. L.."Achieving Biologically
Stable Drinking Water." JAWWA, Vol. 76. No. 10. pp 106,
1984.
Rittmann, B. E., Crawford, L. A., Tack, C. K., and Namkung,
E.. "In Situ Determination of Kinetic Parameters for
Biofilms: Isolation and Characterization of Oligotrophic
Biofilms," Biotechn. and Bioeng.. Vol. 28. pp 1753, 1986.
Schlunder, E. U.. Einfuhrung in die Warme- und
Stoffilbertragung. 2nd ed., Vieweg Verlag, Braunschweig,
1975.
Sonnenberg, L. , "Reductive Degradation of Aquatic Humic
Acid for Structural Characterization", PhD dissertation at
the University of North Carolina at Chapel Hill, Chapel
Hill. North Carolina. 1989.
Sontheimer. H.. "The Muhlheim Process". JAWWA. Vol. 70. No.
7, pp. 393, 1978.
Speitel, G.E. Jr.. DiGiano, F.A., "Determination of
Microbial Kinetic Coefficients through Measurements of
Initial Rates by Radiochemical Techniques", Water Research,
Vol. 22. No. 7. pp. 829. 1988.
Speitel. G. E. Jr.. DiGiano. F. A.
GAC Used to Treat Micropollutants'
pp. 64. 1987.
"The Bioregeneration of
JAWWA. Vol. 79. No. 1.
Speitel. G.E. Jr., "Bioregeneration of Granular Activated
Carbon: Quantification at Low Substrate Concentration by
Radiochemical Techniques", PhD dissertation. University of
North Carolina at Chapel Hill. Chapel Hill, North Carolina,
1985.
Speitel. G. E.,Jr., Dovantzis. K., DiGiano, F. A.,
"Mathematical Modeling of Bioregeneration in GAC Columns",
J. of Environ. Engineering, Vol. 113. No. 1. pp. 32, 1987.
139
Stephenson. P., Benedek, K.A., Malaiiyandi. M.. Lancaster.
E.A.."The Effect of Ozone on the Biological Degradation and
Activated Carbon Adsorption of Natural and Synthetic
Organics in Water; Part I. Ozonation and Biodegradation",
Ozone Science & Engineering. Vol. 1. pp. 263, 1979.
Summers, R.S., Cornel, P.K., Roberts. P.V., "Molecular Size
Distribution and Spectroscopic Characterization of Humic
Substances". The Science of the total Environment, Vol. 62.
pp. 27, 1987.
Summers. R.S.. Haist. B, Koehler, J., Ritz. J., Zimmer, G.
Sontheimer, H., "The Influence of Backgroung Organic Matter
on GAC Adsorption". JAWWA. Vol. 81. No. 5. pp. 66, 1989.
Standard Methods for the Examination of Water and
Wastewater, American Public Health Association-American
Water Works Association-Water Pollution Control Federation,
16th ed., 1985
Symons. J. M.. et al."Teatment Technique for Controlling
Trihalo-methanes in Drinking Water," EPA-600/2-81-156, USEPA
Cincinnati, Ohio, 1981.
Symons, J. M., "A History of the Attempted Federal
Regulation Requiring GAC Adsorption for Water Treatment".
JAWWA. Vol. 76. No. 8. pp. 34. 1984.
Trulear, M.G.. "Cellular Reproduction and Extracellular
Polymer Formation in the Development of Biofilms", PhD
disseration, Montana State University, Bozeman, Montana.
1983.
Van der Kooij. D.. "Some Investigations into the Presence of
Bacteria in Activated Carbon Filters." In Activated Carbon
Adsorption of Organics from the Aqueous Phase. Vol. II.
McGuire and Suffet. eds.. Ann Arbor Sciences. 1976.
Van der Kooij. D,. Oranje. P. J.. Hijnen. W. A. M.. "Growth
of Pseudomonas aeruginosa in Tap Water in Relation to
Utilization of Substrates of Few Micrograms per Liter".
Applied Environ. Microbiol.. Vol. 44. No. 5. pp. 1086. 1982.
Van der Kooij, D.. Hijnen. W.A. M.. "Determination of
Concentration of Maltose- and Starch-Like Compounds in
Drinking Water by Growth Measurements with a Well-Defined
strain of a Flavobaterium sp.". Applied Environ. Microbiol..
Vol. 49. No. 4. pp. 765, 1985.
Van der Kooij, D.. Hijnen, W.A. M., "Substrate Utilization
by an Oxalate-Consuming Spirillum Species in Relation to Its
Growth Rates in Ozonated Water". Applied Environ.
Microbiol.. Vol. 47. No. 3. pp. 551. 1984.
140
Weber. W.J.. Pirbazari. M.. Nelson. G.L., "Biological Growth
on Activated Carbon: An INvestigation by Scanning Electron
Microscopy", Environ., Science and Technol., Vol. 12, No. 7,
pp. 817. 1978.
Werner. P., Klotz. M.. and Schweisfurth,"Investigations
Concerning the Microbiology of GAC - Filtration for Drinking
Water Treatment." Adsorption Techniques in Drinkine Water
Treatment. Papers and Dis-cusslon from the NATO/CCMS
Symposium held in Reston. Virginia, April 30 - May 2, 1979.
Werner. P.. "Microblologlsche Untersuchungen der Aktivkohle
filtration zur Trinkwasseraufbereltung" (Microbiological
Invetigatlons of Activated Carbon Filters Used in Drinking
Water Treatment). Publication No. 19. Department of Water
Chemistry. University of Karlsruhe, Karlsruhe. FRG.. 1982.
Wilderer. P.A.. Forstner. U.. Kuntschik. O.R.. "The Role of
River Bank Filtration Along the Rhine foe Municipal and
Industrial Water Supply". Artificial Recharge of
Groundwater. T. Asano, ed., Butterworth Publication. Boston.
Mass.. 1985.
Wuhrmann. K.. "Stream Purification". In Water Pollution




A 1.1 Biodegradation of a Two Coaponent Mixture in a Biofilm
CSTR
Mass Balance for Component 1 over a CSTR at steady
state:
^1
S  , - S. = T a L- V    .---------------- A 1.1
o.1    1        f  max.1 ^     ^ g
s    1
with
S  J = influent concentration of Comp. 1 (M/L^)
S- = effluent concentration of Comp. 1 (M/L^)
T = hydraulic residence time of Comp 1 (T)
a = specific surface area (1/L)
L- = biofilm thickness (L)
V ^_ - = max. substrate utilization rate for
max. 1
Comp. 1 (M/T/L^)
K  - = half saturation velocity (M/L^).
S « X
Solving equation A 1.1 for S-
with
- A + VA^ + 4S  Tk ~
Sj = ---------------oJ_s,J----        ^j2
A = K  1-S  ,+TaL. V    ,s,1    o,1       f  max,1
'''^3^^^f'v^**='?5€«
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Solving the mass balance for Component 2 over a CSTR at
steady state results in:
wi th
-   A   +   VA^+4SqK~
82   =   ---------------------------------o,J_s^2-------- ^^2
s,2 0,2 f      max.2
where
S  „   =  influent concentration of Comp. 2 (M/L )0,2
S_     =  effluent concentration of Comp. 2 (M/L^)
V    n   =     max. substrate utilization rate formax, 2
Comp. 2 (M/L^/T)
K  „   =  half saturation velocity fors .2
Comp. 2.(M/L^)
The total substrate effluent concentration measured as TOC
is
StOC = ^1 * ^2 A. 1.3
The Flux into the biofilm is calculated over a mass balance
over a CSTR at steady state.
T  -   0.1    1Jj -
T a
s   - S
and J, = —^^-----—. A 1 . 4^       T a
The total flux into the biofilm of the mixture is
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•^TOC ~ -^l * "^2 "
^TOC.o   ^TOC
T a
A 1.5
For a given t, S^. S-, J^, J„ and the total concentration as
well as the total flux Into the biofilm can be estimated if
the biokinetic parameters are known.
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1.2 Effect of Mass Transfer Coefficient on the Flux-
Concentration Relationship
The flux through the hydrodynamic boundary layer is
calculated by assuming a linear concentration through the
layer.
J = k, (S^ - SJ
A 1.6
1 ^^b   s
The flux into the biofilm is calculated with the equation
4.1. derived by Atkinson and Dautes {197k).
S
J = Vmax  f  K  + S
s    s
A 1.7
Solving equation A 1.6 for the biofilm substrate
concentration S  and substituting the result into equation
A 1.7.
J = V    L»max  f
Sb - J/^1
K  + S, - J/k,s   b     1
A 1.8
and solving for the bulk substrate concentration. S, .
J-K^ *
J-V   -L- - J'
max  f
Sb =
V   'L. - J
max  f
A 1.9
For J-K  <<
s
J'V   'L. - J'
max  f
equation A 1.9 simplifies to
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J = k, -S, . A 1. 10
1   D
In this case the flux is limited by the diffusion through
the hydrodynamic boundary layer.
J.V   -L. - J^
-,        T w  \ X     max  t
For     J'K  >>
^s " k,
equation A 1.9 simplifies to
J = V    L. -j7--7-5- A 1.11max  f  K  + S,
s    b
The flux is also limited by the reaction occurring in the
blofilm and the substrate concentration in the biofilm
becomes the bulk substrate concentration.
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A. 2. Computer Lisiting of the Model Describing Simultaneous
Biodegradation and Adsorption of a Multl Component
Mixture in a Completely Mixed Reactor
The program is based on the equations derived by
Chang (1985). Pedlt (1989a), however, increased the model
for the use of a multi component mixture and replaced the
numerical method of orthogonal collocations by finite
elememts to solve the set of partial differential equations.
A.2.1. Units for Input Data Set
NSOL 1 to 4
NEAC 1 to 4




TOL 0 < TOL < 0.001
Q cm^/hr
VOL cm^. empty bed volume
RAD cm
RHO g carbon/ cm^. apparent density
XW g carbon, dry
XF g cells as C/ cm^
B l/hr
BS l/hr
BETA g 00^ as C / g cells as C
DS(I)       cm^/hr
FK(I)
FN(I)




KS(I) g NOM as C / cm^
KRATE(I) g NOM as C / (g cells as C »* hr)
YIELD(I) g cells as C / g NOM as C
ALPHA(I) g COg as C / g NOM as C
ACSTAR(I) g NOM as C / g carbon
SBSTAR(I) g NOM as C / cm'
SO(I) g NOM as C / cm^
CO g CO- as C / cm
COSTAR g CO- as C / cm
XSSTAR g cells as C / cm
LFSTAR cm
NTYPE 0 or 1
if NTYPE = 0 then use
NSTEP NSTEP > 0
TOTTIM hr
if NTYPE = 1 then use
NPTS NPTS > 0
T(I) hr













































































2.3.   Program  Listing
^DEBUG
ILARSE .            .
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c c
C PROGRAM NAME ! TEST.FOR C
C PROGRAM PURPOSE : MODEL MULTISOLUTE BEHAVIOR IN A COMPLETELY C
C MIXED FLOM REACTOR iiHICH HAS 3I0FILM ON C
C ACTIVATED CARBON C
C BRITTEN BY : JOE PEDIT C
C NATER RESOURCES ENGINEERING PROGRAM C
C ENVIRONMENTAL SCIENCES AND ENSINEERINB DEPARTMENT C
G SCHOOL OF PUBLIC HEALTH C
C UNIVERSITY OF NORTH CAROLINA C
C LATEST VERSION : 08-17-88 C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
C INPUT AND OUTPUT UNIT ASSIGNMENTS C
C UNIT TYPE   DESCRIPTION C
c  .......-.........---------------------------------- c
C 5   INPUT  SIMULATION CONTROL PARAMETERS AND EXPERIMENTAL C
C DATA ARE READ FROM THIS FILE. THIS FILE IS C
C DESCRIBED IN MORE DETAIL IN THE NEXT COMMENT C
 SLOCK C
C 6    OUTPUT  SIMULATION RESULTS ARE WRITTEN TO THIS FILE. C
C THIS UNIT IS USUALLY ASSIGNED TO THE PRINTER. C
C 7    OUTPUT  SIMULATION RESULTS ARE WRITTEN TO THIS FILE. C
C THIS FILE CAN BE USED FOR MAKING GRAPHS. C
C 8    OUTPUT  SIMULATION RESULTS FOR SOLUTE CONCENTRATIONS C
C NITHIN THE ACTIVATED CARBON AND THE BIOFILM C
C ARE WRITTEN TO THIS FILE. C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c c
C REQUIRED DATA INPUT ON UNIT 5 C
C LINE FORMAT PARAMETERS AND REQUIRED UNITS C
c .........- ----------------------------------------- c
C i    15    NUMBER OF SOLUTES (NSOL) C
C 2    215    NUMBER OF ELEMENTS IN ACTIVATED CARBON (NEACl, C
C NUMBER OF ELEMENTS IN BIOFILM (NEBF) C
C 3   215   NUMBER OF QUAD. POINTS FOR 13T INTEGRAL (NSAUSl), C
C NUMBER OF QUAD. POINTS FDR 2ND INTEGRAL (NGAUS2) C
C 4    2E12.5  INITIAL TIME STEP (H), C
C TOLERANCE (TOD C
C 5    2E12.5  FLOW (Q), C
C EMPTY REACTOR VOLUME (VOL) C
C i   2EI2.5 ACTIVATED CARBON RADIUS (RAD). C
C ACTIVATED CARBON DENSITY !RHO) C
C 7    2Ei2.5  ACTIVATED CARBON MASS (XW), C
C BIOFILM DENSITY (XF) C
C 8   3E12.5 SPECIFIC DECAY (B), C
C SPECIFIC SHEAR LOSS (BS). C
C RESPIRATION OF CELLS CONVERSION FACTOR (BETA! C
C 9   4E12.5 SURFACE DIFFUSIVITY (DS(I))- C
C 10    EH.5 FREUNDLICH ISOTHERH COEFFICIENT (FK(I)l C
C U   4EI2.5 FREUNDLICH ISOTHERM COEFFICIENT (FN(I)) C              ,^„C 12   +£12.5 DIFFUSIVITY HITHIN BIOFILN (DF(I)) C               150
C 13   4E12.5 FILM MASS TRANSFER COEFFICIENT (KFdl) C
C U   4E12.5 HALF VELOCITY CONCENTRATION (KSfDl C
C 15   4E12.5 MAXIMUM SPECIFIC RATE (KRATE(Il) C
C 16   4E12.5 YIELD COEFFICIENT (YIELD(I)) C
C 17   4E12.5 SOLUTE UTILIZATION CONVERSION FACTOR (ALPHA(I))  C
C 18   4E12.5 INITIAL SOLUTE CONCENTRATION IN A.C. (ACSTAR(l)) C
C 19   4E12.5 INITIAL SOLUTE CONCENTRATION (SBSTAR(I)) C
C 20   4E12.5 INFLUENT SOLUTE CONCENTRATION (SO(I)) C
C 21   2E12.5 INFLUENT C02 CONCENTRATION (CO), C
C INITIAL C02 CONCENTRATION (CQSTAR) C
C 22   2E12.5 INITIAL BIOMASS CONCENTRATION (XSSTAR), C
C INITIAL BIOFILM THICKNESS (LFSTAR) C
C 23   15 TYPE OF RUN (NTYPEl C
C IF 'TYPE OF RUN" = 0 THEN THE FQLLONINS BLOCK IS READ C
C
C LINE FORMAT PARAMETERS AND REQUIRED UNITS C
C ---- -..........------------------------------------------- C
C 1    15 NUMBER OF TIME STEPS (NSTEP) C
C 2   E12.5 TOTAL SIMULATION TIME (TOTTIH) C
C
C END OF BLOCK C
C        . C
C IF "TYPE OF RUN" = 1 THEN THE FOLLOWING BLOCK IS READ C
c
C LINE FORMAT PARAMETERS AND REQUIRED UNITS C
r ----  ------ ----------------------------------------------- Q
C 1    15 NUMBER OF DATA POINTS (NPTS) C
C 2   5E12.5 TIME OF DATA POINT (T(I)), C
C EXPERIMENTAL CONCENTRATIONS (C(J, I)) C
c c
C END OF BLOCK C
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
C   VARIABLE LISTING C
 
C   SUBROUTINES FACTOR AND SOLVE HAVE THEIR OWN VARIABLE LISTINGS  C
C
C   NAME  TYPE    DESCRIPTION C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
IMPLICIT REAL*8 (A-H, 0-Z)
IMPLICIT INTEGERS (I-N)




DIMENSION LHS(62, 62), RHS(62), IPVT(62)
DIMENSION HIK(67), HK(5226)
COMMON / SETl / NES, X, Y, YPRIME
COMMON / 3ET2 / ACSTARi4), BFSTAR(4), SBSTAR(4), T(IOO),
1 SSE(4), Ci4, 100). ACR(13). BFR(49),
2 ACLHSds, 13), flCftHS(t3. 13), XN0DE(3, 4), Z!256),
3 «(256), [!NDRi4), BFLHS(3, 49, 49),
4 BFRHS'i, 49, 49), FN(4), FK{4),
3 R(49), YIELD(4), KRATE(4),
6 KS{4), DS!4), UtlLa96), DF(4), KF(4), S0(4),
7 aLPHA(4), FLUXB(4), FLUXQ(4), MDN0D(4(
COMMON / SET3 / H, TOL, NSOL, NACR, NBFR, NUMl, XSSTAR,
1 LFSTAR, POSTER, NTYPE. TQTTIM. NSTEP, NPTS, NEAC,
2 NEBF, RAD, XS, LF, PORE, N6AUS1, N6AUS2, B, BS, S,
3 Xifl. XF, RHQ. VOL, BETA. CO, COSTfiR
COMMON / 3ET4 / LHS, RH3, IPVT, NUM2
COMMON / SEAR / DUMMY(4a), SDUMMY{4), IDUMMY(3S)
EXTERNAL FCN, FCNJ
C













DO 100 I = 1, NSQL
DO 100 J = 1, NACR 151
100    Y((J - 1)   NSOL + I) = ACSTAR(I)
DO no I = 1, NSOL
DO 110 J = 1, NBFR
llO    Y(NUN1 MJ - 1)   NSOL + I) = SFSTARd)
DO 120 I = I, NSOL
120  Y(NUn2 + I) = SBSTAR(I)
Y(NUM2 + NSOL M) = COSTAR
Y(NUH2 + NSOL + 2) = XSSTAR
Y(NU«2 + NSOL + 3) = LFSTAR







IF (NTYPE .EQ. 0) THEN
C
C     .....COMPUTE SIMULATION TIMES.....
C
DO 130 1 = 1, NSTEP
130    T(I) = I * TQTTIM / NSTEP
C
C     .....TIME LOOP.....
C
NTEMP = NSOL + 4
WRITE (i, 1000) X, (Y(NUM2 + J), J = 1, NTEMP)
WRITE (7, 1000) X, (Y(NUH2 + J), J = 1, NTEMP)
WRITE (8, 1000) X, (Y(J), J = 1, NUM2)
DO 140 I = 1, NSTEP
XEND = T(t)
CALL DSEAR (NEQ, FCN. FCNJ, X, H, Y, XEND, TDL,
I METH, MITER, INDEX, M,  WK, tER)
WRITE (6, 1000) XEND, (Y(NUM2 + J), J = 1, NTEMP)
WRITE !7, 1000) XEND, (Y(NUM2 + J), J = 1, NTEMP)








IF (NTYPE .EB. 1) THEN
C
C     .....INITIALIZE SUM OF SQUARES FOR ERROR.....
C
DO 150 I = 1, NSOL




NTEMP = NSOL + 4
WRITE (6, 1000) X, (V(NUM2 + J), J = 1, NTEHP)
WRITE (7, 1000) X, IYINUH2 W), J = 1, NTEMP)
WRITE (8, 1000) X, (Y!J), J = 1, NUM2)
DO liO I = 1, NPTS
XEND = T(I)
CALL DSEAR (NEQ, FCN, FCNJ, X, H, Y, XEND, TOL,
1 METH, MITER, INDEX, iHK, WK, lER)
DO 170 J = 1, NSOL
170      S3E(J) = SSE(J! + (C(J, I) - Y(NUM2 + J)l"2
WRITE ib,  1000) XEND, (Y(NUM2 + J), J = 1, NTEMP)
WRITE (7. 1000) XEND, (Y(NUM2 + J), J = 1. NTEMP)




DO 180 I = 1, NSOL
TEMP = TEMP + SSEd)
180    WRITE (6, 1200) I, SSEd)









1000 FORMAT (62E12.5) ^^2
1100 FORMAT (/, ' SUMMARY OF SUM OF SQUARES FOR ERROR ", /)
1200 FORMAT (  ' SSE FOR SOLUTE I', II, E14.51
1300 FORMAT (  ' ------------   ', /,









IMPLICIT REAL»e !A-H, 0-Z)
IMPLICIT INTESERM (I-Nl




DIMENSION LHS(62, 62), RHS(i2), IPVT(62)
COMMON / 3ET1 / NEQ. L Y, YPRlMECOMHON / SET2 / ACSTARU), BFSTAR(4). BBSTAR(4), T(IOO),
1 SSE(4), C(4, 100), ACR(13). BFR(49),
2 ACLHS(I3, 13), ACRHS(13, 13), !(N0DEi3, 4), Zi25i),
3 W(256), 6NDR!4), BFLHS(3, 49, 49),
4 BFRHS(6, 49. 49), FN(4), FK(4),
5 R(49), YIELD(4). KRATE(4),
i KS(4), DS(4), UTIL!196), DF(4), KF(4), S0(4),7 ALPHA(4), FLU)iB(4), FLUi8(4), HQNm)(4)
COMMON / SET3 / H, TOL, NSOL, NACR, NBFR. NUMl, XSSTAR,
1 LFSTAR, PQSTAR, NTYPE, TOTTIM, NSTEP, NPTS, NEAC,
2 NEBF, RAD, X5, LF, PORE, NGAUSl, NSAUS2, B, 8S, 3,
3 X«, XF, RHO, VOL, BETA, CO, COSTAR
COMMON / SET4 / LHS, RHS, IPVT, NUM2
C.....READ INPUT.....
C
READ (5, 1000) NSQL
READ iS, 1000! NEAC, NEBF
READ (5, 1000) NGAUSl, N6AUS2
READ (5, 1100) H, TOL
READ (5, 1100) Q, VQL
READ (5, HOC) RAD, RHQ
READ (5, 1100) XM, XF
READ (5, 1100) B, BS, BETA
READ (5, UOO) (DSd), I = I, NSOL)
READ (5, 1100) (FK(I), I = 1, NSOL)
READ (5, UOO) (FNd), 1 = 1, NSOL)
READ (5, UOO) (DF!I), 1 = 1, NSOL)
READ (5, UOO) (KF(I), I = 1, NSOL)
READ (5, UOO) (KS(I), I = I, NSQL)
READ (5, UOO) (KRATElI), I = 1, NSQL)
READ !5, UOO) (YIELDd), I = 1, NSOL)
READ (5, UOO) (ALPHACI), I = 1, NSQL)
READ (5, UOO! (ACSTAR(I), 1 = 1, NSQL)
READ (5, UOO! (SBSTARIIl, I = 1, NSQL)
READ (S, UOO) (SQ(I), I = 1, NSOL!
READ (5, UOO) CO, COSTAR
READ (5, UOO! XSSTAR. LFSTAR
READ (5. 1000) NTYPE
IF iNTYPE .E3. 0) THEN
READ !5, 1000) NSTEP
READ (5, UOO) TOTTIM
ELSE
READ (5, 1000) NPTS
DO 100 1=1, NPTS




NACR = 3 * NEAC + 1
NBFR = 3 * NEBF + 1
NUMl = NACR * NSOL
NUM2 = (NACR + NBFR) * NSOL
NES = NUM2 + NSQL + 4
SUHl = O.D+00
SUM2 = O.D+00
DQ no I = 1, NSQL
SUHl = SUHl + ACSTAR(I)
110  SUH2 = SyH2 + ACSTAR(I) t  FN(I)
DO 120 I = 1, NSQL
IF (SUMl .LE. O.D+00) THEM
BFSTAR(I) = O.D+00 i k-sELSE ^^-^
BFSTARdl = ACSTARd) * (SUH2 / (FNdl * FK(I)))"FN(I)
I / SUHl
ENDIF
120      CONTINUE













IMPLICIT REAL«8 (A-H, 0-Z)
IMPLICIT INTEGERM (l-N)




DIMENSION LHS(62, 62), RHS(62), IPVT(62)
COMMON / SETl / NEQ, t,  Y, VPRIME
COMMON / SET2 / ACStAR{4), BFSTAR(4), SBSTAR(4), T(IOO),
1 SSE(4), C(4, 100), ACR(13), BFR(49),
2 ACLHS(13. 13). ACRHS(I3, 13), 1(N0DE(3, 4), Z(256),
3 H(256), DNDR(4), BFLHSi3, 49, 49),
4 BFRHS(6, 49, 49), FN(4), FK(4),
3 R(49), YIELD(4), KRATE(4),
h KS(4), DS(4), UTIL(196J, DF(4), KF(4), S0(4),
7 ALPHA(4), FLU!(B(4), FLuiQ(4), MQN0D(4i
COMMON / SET3 / H, TDL, NSOL, NACR, NBFR, NUMl, XSSTAR,
1 LFSTAR, PQSTAR, NTYPE, TQTTIH, NSTEP, NPTS, NEAC,
2 NEBF, ftAD, XS, LF, PORE, NGAUSl, NBAUS2, B, BS, Q,
3 X«, XF. RHO, VOL, BETA, CO, COSTAR




»RITE (6, 1000) NSOL
HRITE (6, 1000) NEAC, NEBF
URITE {&, 1000) NGAUSl, NSAiJS2
MRITE (6, 1100) H, TOL
KRITE (6, 1100) Q, VOL
iffllTE (6, 1100) RAD, RHO
kIRITE (6, 1100) XSi,XF
WRITE (i, 1100) B, BS, BETA
»RITE (i, 1100) (fiS(I), I = 1, NSOL)
MRITE (6, 1100) (FK(I), I = 1, NSOL)
HRITE (6, 1100) (FN(I), 1=1, NSOL)
HRITE (6, 1100) (DF(I), 1=1, NSOL)
WRITE (6, 1100) (KF(I), I = 1, NSOL!
HRITE (i, 1100) (KS(I), 1=1, NSOL)
HRITE (i, 1100) (KRATEil). 1=1, NSOL!
HRITE (4, 1100) (YIELDd!, 1 = 1, NSOL)
HRITE (i, 1100) (ALPHAd). I = 1, NSOL!
HRITE 16, 1100) lACSTARdl, I = 1, NSQL)
HRITE (6, 1100) iSBSTARd!, I = K NSOL)
HRITE (6, 1100) (30(1), I = !. NSOL)
HRITE (6, 1100) CO. COSTAR
HRITE (6, 1100) XSSTAR. LFSTAR
HRITE (6, 1000! NTYPE '
IF (NTYPE .Ea. 0) THEN
HRITE (6, 1000) NSTEP
HRITE (4, 1100) TQTTIH
ELSE
HRITE (6, 1000) NPTS
DO 100 I = 1, NPTS















IMPLICIT REAL»8 (A-H, 0-Z)
IMPLICIT INTEBERM (1-N)




DIMENSION LHS(62, 62), RHS(62), IPVT(i2)
COMMON / SETl / NEQ, I,  Y, VPRlME
COMMON / SET2 / ACSTARU), BFBTAR(4), SBSTAR(4), T(IOO),
1 SSE(4), C(4, 100), flCRil3), BFR(49),
2 ACLHSil3, 1j), ACRHS(13, 13), XN0DE(3, 4), Z(25fi!,
3 H(25fi), DNDR(4), BFLHS(3, 49, 49),
  BFRHS(i, 49, 49), FN(4), FK{4),
3 R(49), YIELD(4), KRATE(4),
6 KS(4), DS(4), UTILil9i), DF(4), KF(4), 30(4).
7 ALPHAi4), FLU1(B(4), FLU)[Q(4), MQN0D(4!
COMMON / SET3 / H, TOL, NSOL, NACR, NBFR, NUMl, XSSTAR,
1 LfSTAR. PQSTAR, NTYPE, TOTTIM, NSTEP, NPTS, NEAC,
2 NEBF, m,  XS, LF, PORE, M6AUS1. NBAUS2, B, BS, fl,
3 XH, Jf, RHO, VOL, BETA, CO, COSTAR
COMMON / 3ET4 / LHS, RHS, IPVT, NUM2
C
C.....COMPUTE RADIAL DISTANCES IN ACTIVATED CARBON.....
C
ACR(l) = O.D+OO
NTEMP = NACR - I
DO 100 I = 2, NTEMP
100  ACR(I) = (I - l.D+00) * RAD / (NACR - l.D+00)
ACR(NACR) = RAD
C*«»* TEMP. BELOU «*» 
KRITE (i, 1000)
WRITE (6, 1100) (ACR(I). 1=1, NACR)1000 FORMAT (' LOCATION OF NODES IN ACTIVATED CARBON ')
1100 FORMAT (10EI2.5)
Ct»«* TEMP. ABOVE *» »*
r
C.....COMPUTE RADIAL DISTANCES IN DIMENSI0NLE3S BIOFILM.....
n
BFR(l) = O.D+OO
NTEMP = NBFR - 1
DO 110 I = 2, NTEMP
110  BFR(I) = (I - I.0+001 i l.D+00 / (NBFR - l.D+00)
BFR(NBFR) = l.D+00
C*«M TEMP. BELOH * «* 
MRITE (6, 1200)
MRITE !i, 1300) (BFRd). 1 = 1, NBFR)
1200 FORMAT (' LOCATION OF NdDES IN UNITLESS BIOFILM ')
1300 FORMAT (10E12.5)










IMPLICIT REAL»8 \A-H, 0-2)
IMPLICIT INTEGER+4 il-N)
REAL+S KRATE, KS, KF, MONOD
REAL*g LFSTAR, IP  '
REAL»8 LHS
DIMENSION Y(67), ypRIME(67)
DIMENSION LHS(62, 62), RHS!i2), IPVT[i21
COMMON / SETl / NEQ, L Y. YPRlME
COMMON / SET2 / ACSTARU), BFSTAR(41, SBSTAR14), T(IOO),
1 SSE!4), C(4, 100). ACR(13), BFR(49),
2 ACLHS(i3, li), ACRKS(13, 13), XN0DE{3, 4), 1(256),
3 H'.256), DNDR(4), BFLHS(3, 49, 49),
4 BFRHS(6, 49, 49), FN(4), FK(41,
5 R!49), YIELD(4), KRATE(i),
i KS(4). DS(4), UTIL(196), DF(4), KF(4), 30(41,
7 ALPHAUl, FLUXB(4), FLUXS(4), MQN0D(4i





LFSTAR, POStI^R, NTYPE, tStTIM, NSTEP, NPTS, NEAC,
NEBF, RAD, XS, LF, PORE, NBAUSl, N6AUS2, 3, BS, S,
X«, XF, RHO, VOL, BETA, CO, COSTAR
/ LHb, RHS, IPVT, NUM2
c




DO 100 I = 1, 13
DO 100 J = 1, 13
ACLHSd, i) = O.D+00




DO 110 K = I, NEAC
DO 120 L = 1, 4, 3
120    XNODEd, L) = ftCR((K - 1) * 3 + L)




DO 130 I = 1, 4
NRQW = (K - 1)    3 + I
XN0DE(2,  1) = ACRdK - 1)   3 + i)
DO 140 L = 2, 4
140 XN0D£(2, L) = ACR((K - 11 * 3 + L)




DO 160 J = 1, 4
-     NCOL = (K - 1) * 3 + J
immZ, 1) = ACR((K - 1) * 3 + J)
DO 170 L = 2, 4
170 immZ, L) = ACR((K - 1! » 3 + L)




DO 180 M = 1, 5
ACLHS(NRGH, NCOL) = ACLHSINROW, NCQL)
1 + W(H) » Z(H) t Z!I1)
2   POLY (Z(H), XNODE, 2)
3 * POLY !Z(«), XNODE, 3)
ACRHS(NRCH, NCOL) = ACRHStNROH, NCOL)
1 + \tm i  Z(«) * Z(I1)
2 » DPDLY (Z(I1), XNDDE, 2)
3 * DPOLY !Zifl), XNODE, 3)
180 CONTINUE
160      CONTINUE
130    CONTINUE
110  CONTINUE
C
C.....FORM BIOFILM MATRIX ENTRIES.....
C
C.....FORM DNDR VECTOR ENTRIES.....
r
DO 190 I = 1, 4
XNGDEd, 1) = BFR(I)
DO 200 L = 2, 4
200    XNODEd, L) = BFR(L)
XNODEd, I! = BFRd)




DO 210 I = 1, 49
DO 210 J = 1, 49
DO 220 K = 1, 3
220       BFLHSIK, I, J) = O.D+OO
DO 230 K =1, i
230      BFRHS(K, I, J) = O.D+OO
^ 210    CONTINUE
C.....ELEOT LOOP.....
DO 240 K = 1, NEBF
DO 250 L = 1, 4, 3
250    XNODEd, L) = SFR((K - 1) » 3 + Li
CALL D6AUSS (XNODEd, I), XNODEd, 4), Z, «, 5)
C     .....ROH LOOP.....
C
DO 260 I = 1, 4
MfiOH = (K - 1) * 3 + I
XN0DE(2, I) = BFR((K - 1) * 3 + 1)
155
270
DO i/O L = i, *
XNaDE(2, L) = BFRHK -
)(N0DEi2, [) = BFR((K - 1)






280 J = 1, 4
NCOL = (K - U   3 +
XN0DE(3, 1) = BFRKK - 1) * 3 + J)
DO 290 L = 2, 4
KN0DE(3, L) = BFR((K































300 « = 1, 5










BFRHSd, NRDH, NCOL) =
BFRHS(2, NROli, NCOL)' =
ͣ. ' ͣ ͣ +
ͣ. ͣ' ͣͣ     *
BFRHS(3, NRGM, NCOL)
BFLHSd. NROW, NCDL)
«(I1) i im i  ZiM)
POLY (Z(«), XNQDE, 2)
POLY (Z(11). XNQDE, 31
3FLHS12, NROM, NCOL)
ͣim i Z(M)
POLY !2(I1>, XNODE, 2)
POLY (Z(H), )(NODE, 3)
BFLHS(3, NfiOM, NCflL)
Mdl)
POLY [Z(H), XNODE, 25























+ 11(H) » Z(N)
i POLY (KH), XNODE, 2)
  DPOLY (Z(I1). XNODE, 3)
BFRHS(4, NROW, NCOL) = BFRHS(4, NRM, NCOL)
+ «(») *  2(H)   Z(H)
» DPOLY (Z(H), XNODE, 2)
* DPOLY (Z(H), XNQDE, 3)
BFRHS(5, NROH, NCOL) = 3FRHS(5, NROtJ, NCOL)
H(R) » Z(H)
DPDLV (Z(H1, XNODE, 2)
DPOLY (Z(«). XNODE, 3)
BFRHS(6, NROU, NCOL)
U(N)
DPOLY (Z(H1, XNODE, 2)













IMPLICIT REAL*8 !A-H, 0-Z)
IMPLICIT INTESER*4 (I-N)










NED, i,  y, yPRlME
ACSTAR(4), 3FSTAR(4), SBSTAR(4J, TdOO)
SSE(4), CU. !00), ACR(13), BFR|491,
2 ACLHS(l3. 13), ACRHSd3, li), XN0DE(3, 4),
3 i(256), DNDR(4), BFLHS(3, 49, 49),
4 BFRHS(6, 49. 49i, FN(4), ͣFK(4),
5 R(49), yiELD(4). KRATE(4),
4 KS{4), BS(4), UtlLd9i), DF(41, KF(4), S0(4),
7 ALFHfi(4), FLUXB(4). FLU1B(4), MQNQD(4)
COMMON / SET3 / H, TOL, NSOL, NACRi NBFR, NUMl, XSSTAR,
1 LFSTAR. PQSTAR, NTYPE, TOTTIH, NSTEP. NPTS, N'EAC,
2 NEBF, fifiD, XS, LF, PORE, NSAUSl, NBADS2, B, BS, (J,
3 XW. XF, RHO, VOL, SETA, CO,CQSTAR
COMMON / 3ET4 / LHS. RHS. IPVT. NUM2
WRITE (i, iOOO!
LF = y(NUM2 + NSGL + 3)
R(l) = RAD
NTEMP = NBFR - I
DO 100 I = 2. NTEMP
100  R(I) = RAD + (I - 1.0+00) * LF / (NBFR - l.D+00) 157
R(NBFR) = RAD + LF
C
C.....COMPUTE MASS IN ACTIVATED CARBON.....
C
DO 120 I = I, NSOL
SUM = O.D+00
DO 130 J = 1, NEAC
DO 140 L = 1, 4, 3
140      XNODEd. L) = ACRKJ - 1) * 3 + L)
CALL DSAUSS (XNODEd, 1), XNGBEd, 4), Z, W, 5)
DO 130 K = 1. 5
TEMP = O.D+00
DO 150 M = 1, 4
XNODEd, 1) = ACR((J - 1) t 3 + M)
DO 160 L = 2, 4
160 XNODEd, L) = aCR!(J - 1)   3 + L)
XNQBEd, «) = ACRdJ - I) » 3 + 11
150       TEMP = TEMP
t + POLY am,  XNQDE, 1)
2 * Y(((J - I) * 3 + M - 1) » NSQL + I)
130      SUM = SUM + M(K) * Z(K) * 2(K)   TEMP
SUM = 3.D+00 » Xlil t SUM / RADH3.D+00
120  URITE (6, 11001 I , SUM
C
C.....COMPUTE MASS IN BIOFILH.....
C
DO 220 I = 1, NSOL
SUH = fl.D+00
DO 230 J = 1, NEBF
DO 240 L = I, 4, 3
240      XNODEd, L) = R((J - 1) » 3 + L)
CALL DSAUSS (XNODEd, 1), XNODEd, 4), Z, «, 5)
DO 230 K = 1, 5
TEMP = 0.0+00
DO 250 M = 1, 4
XNODEd, 1) = Ri(J - I) » 3 + M)
DO 260 L = 2, 4
2i0 XNODEd, L) = R((J - 1) * 3 + L)
XNODEd, M) = R((J - 1) » 3 + 1)
250        TEMP = TEMP
1 + POLY (Z(K). XNQDE, 1)
2 * YINUHl + (fJ - ir» 3 + « - 1) » NSQL + I)
230      SUM = SUH + WIK) » Z(K1 » Z(K) » TEMP
SUM = 3.D+00 i  XH • SUR / (RHO » RADt»3.D+00)
220  ilRITE (6, 1200) I , SUM
C
1000 FORMAT!' MASS AT END OF SIMULATION ')
1100 FORMATC SOLUTE »', II, ' HASS IN CARBON ', E12.5)







FUNCTION POLY (Z, XNODE, I)
CCCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c





DD 100 J = 2, 4







FUNCTION DPOLY (2, XNODE, I)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
IMPLICIT REAL*8 !A-H. 0-2)
IMPLICIT INTESERM (1-H)
DIMENSION XN0DE(3, 4)
DPOLY = (Z - XNDDEd, 2)) * (Z - XNODEa, 3))
1 + (Z - XNODEd, 2)) » (Z - XNODEd, 41)   '
2 + (Z - XNOOEII, 3)) » (Z - XNQDEd, 4))
DO 100 J = 2, 4 158











IHPLICIT REAL»8 (A-H, 0-Z)
IMPLICIT INTESERM (I-N)




DIMENSION LHS(62, 62). RHS(62), IPVT(62)
COMMON / 3ET2 / ACSTAR(4), BFSTAR(4), SBSTAR(4), TdOO),
1 SSE(4), CU, 100), ACR(13), BFR(49).
2 ACLHS(13, 13), ACRHSil3, 13), XN0DE13, 4), Z(256),
3 »(25i), DNDR(4), BFLHS(3, 49, 49),
4 BFRHS(6, 49. 491, FN(4), FK(4),
5 R(49), YIELD(4). KRATE(4),
4 KS(4), DS(4), UTIL(196), DF(4), KF(4), 30(4),
7 ALPHAU), FLUXB(4), FLUXa(4J, M0NQD(4!
COMMON / SET3 / H, TQL, NSOL, NACR, NBFR, NUMl, XSSTAR,
1 LFSTAR, POSTAR, NTYPE. TOTTIM. NSTEP, NPTS, NEAC,
2 NEBF, RAD, XS, LF, POllE, NGAUSl. NGAUS2, B, BS, Q,
3 XN, XF, RHO, VOL, BETA, CD, COSTAR










DO 1000 I = 1, NSOL
SUMl = SUM! + Y(NUM1 - NSOL + I)
1000  SUM2 = SUH2 + Y(NU«1 - NSOL + I) » fN(I)
DO 1010 I = 1, NSQt
IF (SUMl .LE. O.D+00) THEN
Y(NUMl + I) = O.D+00
ELSE
Y(NUH1 + I) = Y(NUM1 - NSOL + I)






XS = Y(NUM2 + NSOL +2)
LF = Y(NUH2 + NSOL + 3)




DO 1020 I = 1, NBFR   NSOL
1020  UTILd) = O.D+00
DO 1030 I = 1, NUM2
IPVTd) = '5
RHSd) = O.D+00
DC 1030 J = 1, NUM2
1030    LHSd, J) = O.D+00
C.....BIOFILM THICKNESS.....
C
C.....COMPUTE RADIAL DISTANCES IN BIOFILM.....
C
R(l) = RAD
NTEMP = NBFR - 1
DO 2000 I - 2, NTEMP
2000  Rd) = RAD + (I - l.D+00)   LF / (NBFR - l,D+00)




DQ 2010 1=1, NSOL
2010      MQNOD(I) = O.D+00 159
DO 2020 J = 1, NEBF
DO 2030 L = I, 4, 3
2030 KNODEd, L) = R((J - U » 3 + L)
C«*H TENP. BELOW *****
IF (XNODEd, I) .ST. XNODEIl, 4)) THEM




J ͣ,  112,
Y(NUH2 + NSOL +3) ', E12.5,
YPRII1E(NL'H2 + NSOL + 3) ', EI2.5,
CURRENT LOCATION OF NODES IN BIOFILM ')
WRITE (6, 9100) (R(I), I = 1, NBFR)
9100  FORMAT U0E12.5)
ENDIF
C***»* TEMP. ABOVE "*» 
CALL DBAUSS (XNODEd, 1!, XNODEd, 4), Z, W, NBAUSl)
DO 2040 1=1, NSQL
DQ 2050 K = 1, NBAUSl
TEMP = O.D+00
DO 2060 M = I, 4
XNODEd, 1) = R((J - I)   3 + M)
DO 2070 L = 2, 4
2070 XNODEd, L) = R((I - 1)   3 + L)
XNODEd. M) = R{(J - U » 3 + 1)
2040        TEMP = TEMP
1 + POLY (KK), XNQDE, 1)
2 * Y(NUH1 + ((J - 1)   3 + M - 1) » NSQL + I)
MONQD(I) = MQNQD(I)
1 + H(K) * KRflTE(I) t TEMP   Z(K) * UK)
2 / (KS(I) + TEMP)
2050      CONTINUE
2040    CONTINUE
2020  CONTINUE
SUM = O.D+00
DQ 2080 1=1, NSQL
2080  SUM = SUM + YIELD(I)   MONQD(I)
NRDW = NUH2 + NSQL + 3
YPRIME[NROH) = SUM / (RAD + LF)h2
1 - (B + BS)   ((RAD + LF)*t3 - RAD»t3)
2 / (3.D+00   (RAD + LF)«2)
C*******tl*l»»»**»»*»«*H**»*»»H»t*****
C.....SUBSTRATES IN ACTIVATED CARBON.....
C«»t)fffftHifHMfHfHH»fti»Hit»t»«t
c
C.....FILL IN LBS MATRIX ENTRIES....
C
DO 3000 1=1, NACR
DQ 3000 J = I, NACR
DQ 3000 K = 1, NSQL
NROW = (I - 1) » NSQL + K
NCQL = (J - 1) t NSOL + K
3000      LHS(NRQH, NCQL) = ACLHSd, J)
C
C.....FILL IN RHS VECTOR ENTRIES....
DQ 3020 K = 1, NSOL
DQ 3020 1=1, NACR
NROW = (I - 1) * NSOL + K
DQ 3020 L = 1, NACR
3020       RHS(HRQW) = RHS(NROW)
1            - DS(i() t ACRHSd, L)
2              Y((L - 1)   NSOL + K)
C
C     .....IMPOSE BOUNDARY FLUXES.....
E
DO 3030 K = 1, NSOL
FLUXQ{K) =0.0+00
DO 3040 I = 1, 4
3040    FLUXQ(K) =FLUXQ(K) + DNDR(I) * Y(NUM1 t (I - } t NSOL 1
FLUXQ(K) = DF(K) » FLUXQ(K) / LF
3030  RHS(NU«1 - NSOL + K) = RHSiNUMl - NSOL + K)








DD 4000 1=1, NBFR
DO 4000 J = 1, MBFR
DO 4000 K = 1, NSOLNROW = NUHt + (I - 1) t NSOL + K 160
NCDL = NUMl + (J - 1) * NSOL + K
4000 LHS(NRO«, NCQL) = LF«3 * BFLHSd, 1, J)
1 + 2.D+00 t LFM2 » RAD
2   BFLHS(2, I. J)
3 + RftD«2 » LF » BFLHS(3, I, J)
C
C.....FILL IN RHS VECTOR ENTRIES,...
C
DO 4010 I = 1, NEBF
DO 4020 J = 1, 4, 3
4020    XNODEd, J) = R(d - I) » 3 + Jl
CALL DSAUSS (XNDDEd, 1), XNQDEd, 4), Z, W, N6AUS2)
00 4030 J = 1, 4
XN0DE(2, 1) = R(!I - U * 3 + Jl
DO 4040 L = 2, 4
4040      )!N0DE{2, LI = R((I - 11 * 3 + L)
XN0DE(2, J) = R((I - 1)   3 + 1)
DO 4050 K = 1, NSOL
NROW = NSOL   ((I - 1) » 3 + (J - 111 + K
SUH = O.D+00
DO 4060 L = 1, NSAUS2
TEMP = O.D+00
. DO 4070 H = 1, 4
XN0DE(3, 11 = R((I - 1) » 3 + H)
DO 4080 N = 2, 4
4080 XN0DE(3, N! = R(n - 11 » 3 + N)
XN0DE(3, 111 = R((I - 1) * 3 + 11
4070 TE«P = TE11P
1 + POLY (Z(L1, XNODE, 31
2 » YfNUNl + (il - I) » 3 + H - 11   NSOL + Kl
4060          SUH = SUH
1 - «(L) i KRATE(K1 » XF
2 t POLY (Z(L1, XNODE. 2! t TEMP » Z(L13 » Z(L) / (KSkl + TEHPl
UTILCNROK) = UTIL(NRQm + SUM
4050      CONTINUE
4030    CONTINUE
4010  CONTINUE
DO 4090 K = I, NSOL
BO 4100 1=1, NBFR
NROM = NUHl + (I - 1) * NSOL + K
RHS(NROH) = RHS'.NROWl
1 + UTIL(NRO« - NUHl)
DO 4100 L = 1, NBFR
4100      RHS(NROU) = RHSINROH)
1 + YlNUMl + (L - 1)   NSQL + K)
2   (YPRIHE(NUM2 + NSOL + 3)
3 » (LFH2 » BFRHSd. I, L)
  + 2.D+00   LF * RAD t BFRHS(2, I, L)
5 + RADt*2 i SFRHS{3. I, D!
i - DFCKl * (LF * BFRHSU, I, L!
7 + 2.D+00 » RAO   BFRHS(5, I, LI
8 + RAD«2   BFRHS(6, I, LI / LFl)
C
C .....IMPOSE BOUNDARY FLUXES.....      "
C
NROM = NUM2 - NSOL + K
FLUXB(K) = KFIK) » (Y(NU«2 + Kl - YtNROKll
RH5(NR0H) =  RHS(NR0U1
I        + (RAD t LF)*»2 * FLUXBIKl
4090  CONTINUE
Ct»***»*«»*»t***tl*»t»*»»»t*t»*tt»****t»t*tH*
C.....ADJUST AND SOLVE SYSTEM QF EQUATIONS.....
DO 5000 K = I, NSOL
RHS(NUM1 +K) = O.D+00
DO 5010 J = 1, NUfl2
5010 LHS(NUM1 ^- K , J) = 0.2+00
5000      LHS(NUM1 + K, NUMl + Kl = l.D+OO
CALL FACTOR
CALL SOLVE
DO 5020 1=1, NUM2
5020      YPRIMEdl = RHSdl
Ct»t»*»*H»t»*»t**»«H*»«Hf*«HHH





DO iOOO 1=1, NSOL
iOOO      YPRIMEINUHi + I) = Q   (SO(I) - Y(NUN2 Ml! / (VOL * PORE)
1 - 3.D+00   KM * KF(I) » (RAD + LF)«#2
2 * (Y(NUH2 + I) - Y(NUM2 - NSOL +1)) .^,
3 / (VOL   PORE   RHO » RflD«3) 161
4 - KRATE(I) * Y(NUK2   1) t M
3 / (KS(I) + YWUftf t I))
CHHimmtfHmmHtmHHHmttHt
C.....CARBON DIOXIDE IM BULK SOLUTION.....
Cttmm4t*t*f*f*f*»ft*tftmm«»ftfmf
NR0« » NUH2 + NSOL   1
YPRII1E{NROW) = (CO - Y(NROH)) * Q /  (VOL * PORE)
1 + BETA » B » XF » KH
2 * ((RAD + LF)»t3 / RAD"3 - l.D+OO)
3 /  (VOL » PORE * RHQ)
4 * BETA > B » XS
DO 7000 1=1, NSOL
7000       YPRI«E(NROH) = YPRIME(NROH!
1 » 3.D+00 * XN   XF t ALPHA(I)
2 » (l.D+OO - YIELDdl) * NONDDdl
3 / (VOL   PORE * RHO * RAD»»3)
4   ALPHA(I)  *  (l.D+OO - YIELD(I))
5 * KRATEdl * Y(NU«2 + I)   XS
4                           / (KS(I) + Y(NUN2 + I))
C.....BIQNASS IN BULK SOLUTION.....
[ *»* *»*»*» *** «»* » *» »
NROH = NUM2 + NSOL + 2
YPRIHEiNRON) = (- B - Q / (VOL   PORED » XS
1 + XH » BS * XF * ((RAD + LF!«3 - RA0«3)
2 / (VOL * PORE   RHO   RAD»*3)
DO 8000 1=1, NSOL
8000  YPRIHE(NROW) = YPRII1E(NRQ«)
1 + YIELDd) * KRATE(I)   Y(NUH2 + I) » XS




NROW = NUH2 + NSOL + 4
YPRIHE(NROW) = - XN » 3.D+00 * (RAD + LF!«2
1 * YPRI«E(NU«2 + NSOL + 3)



















C   THIS SUBROUTINE IS A MODIFIED VERSION OF A LONER - UPPER C
C   DECQHPOSITIDN ROUTINE TAKEN FROM "LINEAR ALGEBRA AND ITS C




C VARIABLE LISTING FOR SUBROUTINE FACTOR C
C (ONLY THOSE VARIABLES THAT ARE LISTED C
C IN THE COMMON STATEMENT ARE DOCUMENTED! C
C NAME  TYPE    DESCRIPTION C
p      ________  ______,________________________________________mmi,m  , ,__________________  P
C A REALJ8 INPUT - MATRIX TO BE DECOMPOSED C
C OUTPUT - DECOMPOSED MATRIX C
C B REAL»8 RIGHT HAND SIDE VECTOR C
C IPVT INTEGERS PIVOT INDEX VECTOR C
C N INTEGER+4 SIZE OF MATRIX C
C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
